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Abstract

Pierson, Jennifer C., Ph.D., December 2009 Fisheries and Wildlife Biology

Genetic population structure and dispersal of two North American woodpeckers ineegphem
habitats

Co-Chairs: Fred W. Allendorf, Michael K. Schwartz

Disturbance-dependent species regularly colonize ephemeral habitat patdhesresearch, |
used patterns of genetic variation to estimate the dispersal dynamicskebatked
woodpeckersHicoides arcticul a fire specialist, and compared these patterns to hairy
woodpeckersKicoides villosuy a generalist. | then examined how frequent colonization of
ephemeral habitat patches versus stable migration among static hablias [®itapes the genetic
structure of species.

| examined patterns of genetic variation in mtDNA and microsatellitestinblack-backed
and hairy woodpeckers to determine large-scale spatial structure. Blakaddbvoodpeckers
have high genetic connectivity across the boreal forest and lower gesrtiectivity among
sites separated by large gaps in forested habitat. Across the bordahrgsvoodpeckers
have low genetic differentiation in mtDNA that lacks spatial struchuwremoderate genetic
differentiation in an isolation by distance pattern in microsatellite ddtase results suggest
that large gaps in forest act as a movement barrier to black-backed woodperkaement
patterns of hairy woodpeckers are primarily driven by geographic déstenopposed to
landscape composition.

Once | understood the primary mechanisms driving large-scale pattéets;rined the fine-
scale spatial structure in both species. Black-backed woodpeckersndlppdisperse twice as
far as hairy woodpeckers based on patterns of fine-scale geneticstriratarale black-backed
woodpeckers have limited dispersal, with long-distance dispersal being nmedd-bra weak
pattern of female-biased dispersal was observed in hairy woodpeckers.

| used simulations to evaluate how effective population size and dispersal distaram with
two models of dispersal, frequent colonization of ephemeral patches and stabteomitp
shape large-scale genetic structure. Frequent colonization of ephkaigtas resulted in
lower spatial structure and higher genetic differentiation among patches pagsom to stable
migration. Low genetic differentiation with little spatial structaceurred at an intermediate
dispersal distance in the frequent colonization model, the pattern observed in blaaxk-bac
woodpeckers. Stable migration with short dispersal distance results in isolatimtance, the
pattern observed in hairy woodpeckers.

Disturbance-dependent species have evolved with a natural mosaic of shiftinggetblies.
As anthropogenic disturbance increasingly changes this mosaic, ecsofagstto consider how
this shift may affect connectivity for disturbance-dependent species.
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Chapter 1 - Introduction

Until the recent past, the role of natural disturbance in creating habitatdraarmerappreciated
(Hutto 2008). Historically, wildfire has been a dominant disturbance that shaséeinv
landscapes in North America. As such, many species are adapted to postfate Adiatrole of
fire in creating habitat for numerous avian species, such as certain woodptiytaichers and
ground-foraging birds in western North America has been fairly well dani@ehéHutto 1995,
Brawn et al. 2001). However, a more complete understanding of population dynadics a
movement patterns of fire-associated species is necessary to take ateetosgnagement
approach to postfire ecosystems.

An important element of population dynamics is dispersal or gene flowhughadso
referred to as migration in the genetics literature. The distribution efigesariation in space is
an important factor to consider in the management and conservation of a specesdt al.
2003). Both theory and empirical evidence have shown that habitat patches connected by very
little movement will be highly differentiated. Conversely, habitat patahigshigh levels of
gene flow among them will show very little genetic differentiation. Hawew is not known
what patterns of genetic population structure will look like when organisms areuahti
colonizing new patches as opposed to, say, seasonal movement back and forth bettvegn pat

My dissertation research examines how the frequent colonization of ephemet! habi
patches shapes the genetic structure of species. | combine empiricalligatad on species
that use ephemeral habitat patches and simulations to understand the disperdasafnam
disturbance-dependent species. The empirical component of this thesis focuse#t-badkad
woodpeckersKicoides arcticul a fire specialist, compared to hairy woodpeckBrsqides

villosug, a species that exploits burned forests but also occupies a variety of foreegshabi



From a theoretical perspective, we can learn a great deal by cowttastigenetic structure of
closely related species that differ in specific life history attarastics of interest (McDonald et
al. 1999, Whiteley et al. 2004).

Black-backed woodpeckers are a fire specialist that has been in the spotiigityof
land management agency efforts and the target of several litigatiots effirrounding land use.
Until recently, black-backed woodpeckers were considered the managemeatbinsiecies for
postfire habitat and as such were designated a Sensitive Species by. therésSService.
Black-backed woodpeckers are classified as a species of conservatiom comeest western
states in which they are present (Montana Fish, Wildlife and Parks 2005, @regariment of
Fish and Wildlife 2005, South Dakota Natural Heritage Program). Black-bankdthay
woodpeckers are broadly sympatric in the northern part of their range. Howevemeseafe
they occur closely together only in burned areas. Both woodpeckers share a viaeiove
many habitat selection characteristics for nesting and foragiagrees (Murphy and
Lehnhausen 1998, Saab et al. 2007, Vierling et al. 2008, Saab et al. 2009). Thus, studying both
species simultaneously can inform us regarding the differences in the didyeesaics of a fire

specialist compared to a generalist.

1.1 Research objectives and findings

Large-scale genetic structure of black-backed woodpeckers

The objective of chapter 2 was to define population structure and movement patteahes ahan
female black-backed woodpeckers. Black-backed woodpeckers colonize postfaeshvaitinin
one year after a fire and occupy burned forests in peak numbers for apprixinrageto five

years (Saab et al. 2007). The majority of their range is the boreal fdriebtaonsists of fairly



continuously distributed forested habitat with fire as an important disturbarmaghlendscape
patterns (Cyr et al. 2009). Black-backed woodpeckers distribution extends southeigoo Or
and California, and a small area in the Black Hills of South Dakota; both aresslared from
the boreal forest by large non-forested habitat. These large gaps in ndbieaphysically
close to the main distribution, may act as barriers to woodpecker movement. Torgetaemi
movement patterns of black-backed woodpeckers across North Americendtedtiheir
landscape-scale genetic structure using both mtDNA (32%tdp and nine nuclear
microsatellite loci. The following specific research questions were ssktie

e What is the large-scale genetic structure of black-backed woodpeckers?

e Do large gaps in forested habitat act as barriers to movement?

e Do males and female woodpeckers respond to potential movement barrierg?equall

At a large spatial scale, | found high genetic connectivity across thd foress; there

was low genetic differentiation among sites within the boreal forest. Banhptations outside
the boreal forest (Oregon, S. Dakota) were more genetically diffeehttzdn locations within
the boreal forest, and hence had lower genetic connectivity to sites \wghdorteal forest. Both
mtDNA and microsatellite data shared the same pattern of genetic nlitiéion. These results
suggest that non-forested habitat acts as a barrier to movement for blke#-baodpeckers.
Males and females appear to respond differently to these barriers. Noeddrakitat may be a
more resistant landscape than forested habitat for males, with less emb\z@nong sites
separated by gaps in forest compared to sites with forest between themesragpalar to cross
non-forested habitat less than males, with large gaps in forest actirigpager to movement.
This Chapter is currently in presskwolutionary Applicationgntitled ‘Do male and female

woodpeckers respond differently to gaps in habitat?’ coauthored with Fred. W. Allendod, P



Drapeau who contributed samples from Quebec and expertise on the ecology of wesdpeck
Victoria Saab who collaborated on field sites in Oregon and Idaho as well abutorg

expertise on the ecology of woodpeckers and Michael K. Schwartz.

Large-scale genetic structure of hairy woodpeckers
The objective of Chapter 3 was to determine the large-scale genetiargtrofchairy
woodpeckers and compare it to the large-scale genetic structure ebbldad woodpeckers.
The hairy woodpecker is a widely distributed species that exploits burnets flaretheir
plentiful resources, but also occupies a variety of forest habitats. Dekpije averlap in
resource selection for both nesting and foraging resources (Murphy and Lehnt2@&e8aab
et al. 2009), black-backed woodpeckers are nearly restricted to burned forestRatky
Mountain region (Hutto 2008) and occupy unburned forests in low density in the boreal forest
(Nappi and Drapeau 2009). In chapter 3, | found that non-forested habitat actedres tobar
movement for black-backed woodpeckers. | tested the hypothesis that thedwipeaker, as
a generalist species, is less sensitive than the black-backed woodpegpleeiabst, to habitat
heterogeneity in the landscape matrix. | used both mtDNA (3X9tdp and eight nuclear
microsatellite loci to estimate the large-scale genetic str@icf hairy woodpeckers. The
following specific research questions were addressed

e What is the large-scale genetic structure of the hairy woodpeckes acndksern North

America?
e Do hairy and black-backed woodpeckers have similar patterns of gengticistracross

the same spatial scale?



Mitochondrial DNA and microsatellite data had different patterns of Iscgée spatial
genetic structure in the hairy woodpecker. Patterns of genetic difféi@mtiased on mtDNA
were similar to patterns observed in the black-backed woodpecker, but likelyearet af
different evolutionary forces. Hairy woodpeckers have low genetic eliffation among sites
within the boreal forest as a result of a single common shared haplotype, sygipestan
ancestral polymorphism is responsible. Low genetic differentiaton abegsteal forest in
black-backed woodpeckers is likely due to gene flow as several haplotypbarae among
sites. Based on microsatellite data, hairy woodpeckers have a strong sigakdtmn by
distance. This pattern suggests geographic distance is the primaryofigesetic structure as
opposed to habitat characteristics of the landscape matrix. This differblxokabacked
woodpeckers, where microsatellite data support a pattern of low genetierditiéon across
vast distances in the boreal forest (3500 km) and higher genetic differentiabog aites that
are more geographically proximate but separated by non-forested .h&stathabitat
generalist, hairy woodpeckers appear to be less sensitive than black-wackisbckers, a
specialist, to habitat heterogeneity in the landscape matrix. This Clsapé#ng submitted to

the Auk, with coauthors Fred W. Allendorf, Michael K Schwartz and Victoria Saab.

Fine-scale genetic structure of black-backed and hairy woodpeckers

The objective of Chapter 4 was to determine the dispersal patterns and résigtsogle

genetic structure of black-backed and hairy woodpeckers. Several studiesibgested that
burned forests act as source habitats for black-backed woodpeckers (Hutto 1995, Nappi and
Drapeau 2009). Specific data on dispersal distance is required to determine thewshalk

burned forests may act as source habitats by providing emigrants. | used sfat@telation



analyses based on nine microsatellite loci in the black-backed woodpeckegland ei
microsatellite loci for the hairy woodpecker to estimate fine-s¢aletare. The comparison
between two closely related species that differ in their reliance ondhatetat allowed me to
make the following predictions: 1) black-backed woodpeckers disperse farthéraing
woodpeckers resulting in fine-scale genetic structure at a lat@er &8¢ a signature of kin
groups within burned areas would occur for both species if burned habitat is actgcas s
habitat due to delayed juvenile dispersal which would likely increase juvenile dulvevéo a
higher habitat quality during the transition from juvenile to adult. The followingfgpe
research questions were addressed:
e Given frequent colonization events, is there fine-scale genetic structeek-backed
and hairy woodpeckers?
e Do male and females have the same patterns of fine-scale genetirstii®oth
species?
e Are there family groups within burned areas as a result of delayed juvespbrshl?
| found a strong pattern of fine-scale genetic structure in both black-bactdthiry
woodpeckers. As predicted, black-backed woodpeckers had positive spatial garetticesat a
larger spatial scale (90 km) than hairy woodpeckers (45 km), likely as a resudgef Hispersal
distances. Sex-specific analyses in black-backed woodpeckers supported a patéden of
biased dispersal and suggested female-biased dispersal in hairy woodpeclkeenporalt
increase in genetic correlation was detected within burned patches for btkektba
woodpeckers, but not hairy woodpeckers, supporting the hypothesis that juvenile black-backe
woodpeckers may delay dispersal to exploit plentiful resources. This Chamérgssubmitted

to Molecular Ecology with coauthors Fred W. Allendorf, Michael Schwartz, asrdeHDrapeau



(who contributed samples from Quebec and expertise on source-sink dynamics ivalohes-

woodpeckers).

Frequent colonization effects on genetic population structure
The objective of Chapter 5 was to determine how frequent colonization of ephemdgtkhabi
shapes large-scale genetic structure. In this chapter, | use lifiey lmatameters similar to a fire
specialist and a generalist to simulate frequent colonization of newtedreabitat patches
compared to stable migration among static habitat patches. The simulatithaesthen used
to interpret the empirical genetic structure of these species. The fajlepecific questions
were addressed:
e How does effective population sizd] influence patterns of spatial genetic structure in a
model of frequent colonization compared to stable migration?
e How does dispersal distance influence patterns of spatial genetic grncéumodel of
frequent colonization compared to stable migration?
e Can theoretical expectations from the simulation model explain the empascidtisr
observed in black-backed and hairy woodpeckers?

In general, the frequent colonization model resulted in higher genetic diffamntiat
among subpopulations with less spatial structure than the stable migration modeic @Géne
had a stronger influence in the frequent colonization model due to repeated foundeofevents
new subpopulations as opposed to migration among established subpopulations. At larger
dispersal distances, the effect of founder events was reduced because raulautoer of
subpopulations contributed emigrants for colonization of new patches. The black-backed

woodpecker has low genetic differentiation that is not spatially structurbd lvoteal forest.



The hairy woodpecker has similar estimates of genetic differentiatidnavgirong pattern of
isolation by distance. The simulation results indicate that frequent coloniphiephemeral
habitat by a species with intermediate dispersal distance can produceaehe gagerved in the

black-backed woodpecker.

ECOS Fellowship
| was supported by a NSF funded ECOS (Ecologists, Educators and Schoolshipliduvsig
the 2004-2005 academic year. The ECOS program paired a team of graduate amdduaterg
students in biology with teachers in local K-12 schools to conduct hands-on science in ‘outdoor
classrooms’. Fellow graduate student Andrew Whiteley and undergraduate Fran&nkhhe
were paired with Dave Oberbillig and Kathleen Kennedy at Big Sky High Sclnoi
responsibilities included developing and leading outdoor ecological investigatragight high
school classes (~200 students) on a biweekly basis. Our tenure culminatagészde
prescribed fire experiment that tested the effects of two typesugeientation on a variety of
response variables such as the plant and insect community. This project sugctasgfui
students about the scientific process by having them develop and participatddn a fi
experiment.

In Appendix B, | describe the demonstration project, where we conducted an
experimental prescribed burn in a field dominated by invasive weeds. We radhtdiregoals
in conducting our experiment: 1) teach the process of science using hands-og,|@ameiach
field ecology as science and 3) use locally relevant issues to engage stutierpisojdct
focused on two primary ecological themes: disturbance and invasive organisms, botthof whic

are extremely relevant locally because residents often burn fields teeredasive weeds.



Montana Department of Natural Resources Fire Department graciousiteied their

equipment and professional fire fighters to conduct the burn. Students collected pre--and post
treatment that addressed eight different questions that ranged fromettteoéffre on insects to
plant biomass. The students were able to actively engage in the design of thimmempe

including development of questions through examination of results, thereby dergéging in

the process of science as a way of learning as opposed to simple knowledge gained from a
textbook. An inquiry entitled ‘Classroom mark-recapture with crickets mlished in

American Biology Teacher, coauthored by Andrew Whiteley, Kathleen Kgnbede

Oberbillig and Carol Brewer.

1.2 Synthesis and significance

The boreal forest and forests in the western U.S. evolved with fire creatiogagcrof different
aged patches of forest in a constantly changing pattern (Hutto 2008, Cyr et al. 2009). T
dynamic nature of ephemeral habitats makes it challenging to understatad t@imectivity
and resulting metapopulation structure among habitat patches. This researdwmathat fire-
adapted species disperse farther than generalist species, but stillrfigacedispersal. My
modeling exercise demonstrates that frequent colonization of new patchelepm@vnechanism
to explain these empirical results. Specifically, it showed that frequemiization of
ephemeral habitat patches can result in low genetic differentiation tiatspatially structured
across large spatial scales.

Microsatellite and mtDNA data suggest black-backed woodpeckers have haghegit
connectivity across the boreal forest for a long time period. The social dnamgire to

timber harvest as the primary disturbance is a concern for fire-ddseies for several reasons



(Belleau et al. 2007). Timber harvest removes the nesting and foraging essthxatcmnany fire-
associated species (including woodpeckers and wood-boring beetles) exptstfire stands.
Additionally, this ecological change is shifting the spatial context of thature (Cyr et al. 2009)
which may affect habitat connectivity for species that have adapted tottingl maosaic.

My data suggest that female black-backed woodpeckers do not cross large gaps in
forested habitat and that these gaps also act as a higher resmtalscape to long-distance
dispersal for male black-backed woodpeckers. Therefore, small isolatedtpmsuylsuch as the
one in South Dakota, may deserve higher priority for conservation. For examgle, la
management actions that affect black-backed woodpecker habitat, suclage &adging,
should be considered in a spatial and temporal context because fewer habitat patches a
available to birds in South Dakota. Furthermore, biologists cannot rely on dispems#hé
boreal forest to rescue these isolated populations. Within the boreal foneastjemeent actions
should strive to maintain forested connectivity between burned patches to mgertaiflow.

My data suggest that changes in the landscape matrix are likely monsetédi to
specialists than to habitat generalists. While large gaps in foresdrape a barrier to black-
backed woodpeckers, for hairy woodpeckers, dispersal patterns appear tomendiiig by
geographic distance regardless of the habitat heterogeneity in the. nf&tisxsupports previous
experimental research on model systems that suggesting that habit@ispenny be more
sensitive to crossing suboptimal habitats, especially over large dis{aéfamktad 1999).

From an ecological and evolutionary perspective my results are importanised show
that species dependent on ephemeral habitat do not necessarily dispersedudigtahces to
colonize new habitat patches. Species adapted to early successional hatatat®ived with

natural disturbance regimes that have created spatial and temporal patheiisadf As
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anthropogenic disturbance increasingly changes this mosaic, ecolafistsed to consider

how this shift may affect connectivity for disturbance-dependent species.
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Chapter 2 - Do male and female black-backed woodpkers

respond differently to gaps in habitat?

2.1Abstract

We used population and individual-based genetic approaches to assess barriers &ntrinvem
black-backed woodpeckemi¢oides arcticuf a fire specialist that mainly occupies the boreal
forest in North America. We tested if male and female woodpeckers exhlimtedrme

movement patterns using both spatially implicit and explicit genetic anatysesie

population structure and movement patterns of both sexes among populations. Three geneti
groups were identified, a large, genetically continuous population that spansié&odky
Mountains to Quebec, a small isolated population in South Dakota and a separate population in
the western portion of their distribution (Oregon). Patterns of genetic dyvsugjgest extensive
gene flow mediated by both males and females within the continuous boreal foregtveHow
male-mediated gene flow is the main form of connectivity between the continulistsilyuted
group and the smaller populations of South Dakota and Oregon that are separatezldrgéasrg

of unforested habitat, which apparently serves as a behavioral barrier to mouvéfeerdle

woodpeckers.
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2.2 Introduction

Dispersal is a central process of interest in evolution and ecology, yetas@ests of dispersal
are poorly understood. The movement of individuals and their genes has a long-ldsiemgenf
on the evolutionary trajectory of a population, as well as on current demographic population
dynamics (Clobert et al. 2001). Barriers to dispersal can be charati@sipfysical or
behavioral. Physical barriers are usually large landscape featuhegssteers, mountain
ranges, or any landscape feature that an organism is incapable of tra{@esiogn et al. 2000).
Behavioral barriers to movement are characterized by changes in fedtdita¢s that an
organism is physically capable of crossing yet does not successfullyaressibus reasons
(Harris and Reed 2002). Individual organisms may be reluctant to enter a cdrthchee to
perceived increase in predation risk (Rodriguez et al. 2001), or simply due to a les&wtes
(e.g., foraging) to use during the dispersal event (Belisle and Desrochers 2002).

A great deal of research has documented the reluctance of many forestadspecies
to move short distances across relatively small gaps in forested hakgab¢bers and Hannon
1997; St. Clair et al. 1998; Belisle and St. Clair 2001; Belisle and Desrochers 2002;a&adbeil
Villard 2002; Bakker and VanVuren 2004). Many of these studies are based on translocation
experiments where organisms are taken from their territory and forced tade@gm®mns on what
habitat to travel through to return to their home territory (Desrochers1&%l; Gobeil and
Villard 2002; Bakker and VanVuren 2004). Ecological models have shown that these béhaviora
decisions about movement through habitat gaps can affect metapopulation dyRarssedl et
al. 2003; Zollner and Lima 2005).

Short-distance movements are different from long-distance dispersal evemish an

individual may move a long distance before establishing a new territory. HoWewvestudies
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have been able to examine patterns of long-distance dispersal events de§pmgaimental role

it plays in population connectivity (but see Dale et al. 2006). Although studies have doclmente
differential patterns of movement through habitat types at small s€@ssochers and Hannon

1997; St. Clair et al. 1998; Belisle and St. Clair 2001; Belisle and Desrochers 2002;aadbeil
Villard 2002; Bakker and VanVuren 2004); patterns of movement documented at one scale may
not be the same at a different scale (Morales and Ellner 2002).

Birds are commonly thought to have fewer behavioral limitations to long-distance
dispersal given their high vagility and migratory nature (With et al. 1997).eewHarris and
Reed (2002) found ecotones, habitat gaps and large water bodies are common behaviaal barrier
to non-migratory movements of birds. They predict that birds that are habitalisfedorest
understory species, tropical species, solitary species, and nhon-migratmeg @@ be sensitive
to habitat gaps (Harris and Reed 2002).

Woodpeckers are an excellent family to test predictions regarding behéeaorars to
movement because many are non-migratory, habitat specialists, and theyraseldttgy.
Woodpeckers are typically sedentary species that disperse shortebsdaeco their non-
migratory nature (Paradis et al. 1998), high level of monogamy and territoeitly
(Mikusinski 2006). Very little is known about the genetic population structure and dispersal
patterns of woodpeckers in general (Pasinelli 2006), including patterns biasext dispersal.
Sex-biased dispersal, where one sex is philopatric or one sex typicallysdsp@re often
and/or farther than the other, is common among a variety of organisms (Lambin et al.lI2001)
birds, female-biased dispersal is the most common pattern observed (GreenwooddrR8&tC
al. 1997). The hypothesis for this pattern is that male birds tend to play a gvkaberterritory

and resource defense and benefit more from being familiar with their redadrad therefore, are
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the philopatric sex (Greenwood 1980; Perrin and Goudet 2001). Female-biased dispdrsal ca
seen in both red-cockade@i¢oides borealisDaniels and Walters 2000) and acorn woodpeckers
(Melanerpes formicivorysdannon et al. 1985), which are cooperative breeders with males that
tend to stay in the natal territory as helpers.

Dispersal is difficult to measure by directly tracking individuals becenes birds are
too small to take advantage of advances in GPS technologies and resightimgedfiieds in
new locations is typically quite low (Dale et al. 2006). Genetic techniques caad®us
estimate successful movement that results in reproduction and thus gene flogtudies have
used genetic techniques to assess movement patterns in woodpeckers (Ellegren et al. 1999)
taxon with 214 recognized species in the family Picidae (Winkler et al. 1995).

My study focused on black-backed woodpeckPisdides arcticuy a fire-dependent
species. This species colonizes burned areas within one year afteoecfifges burned areas
for three to five years, with peak densities three years after fiter{@896; Saab et al. 2007).
Black-backed woodpeckers are a monogamous, resident species that manttinsg year-
round (Dixon and Saab 2000). Individuals likely change habitat patches more than once in their
lifetime because their life span (~six to eight years; Dixon and Saab 20068yer than the
length of time a habitat patch is optimal. To date, researchers have beenasallg the
dispersal or movement patterns of black-backed woodpeckers due to their natyrahchri
unpredictable movement patterns once a burned area is no longer optimal habitat.

Black-backed woodpeckers are continuously distributed across the boreal favest, int
Alaska and range down into the northern U.S. (Figure 1). They also occupy isolated patche
the Black Hills of South Dakota and regions of Oregon and California, mainly on thedeast

the Cascades and Sierra Nevadas. They have been documented making locg-distan
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movements during irruptions outside their normal breeding ranges (Yunick 1985), nglicati
long-distance movements are physiologically possible. Given black-backed wioadpec
occupy ephemeral habitats (Dixon and Saab 2000; Saab et al. 2009), both sexes regularly
disperse during the course of their lifetime (Huot and Ibarzabal 2006). Théwbgdour

study was to test if large gaps in forested areas are behavioraldb@rmeovement for black-
backed woodpeckers and if males and females respond to these potential bahgessimnet

manner.

2.3 Methods

2.3.1 Sampling and DNA extraction

Blood or feather samples were collected in seven sampling locations:alioatio, Oregon,
west-central (W.C.) Montana, northwest (N.W.) Montana, South Dakota, and Quebec {frigure
Blood samples were collected from adults caught at the nest site withaeltbep net or mist

net during the 2004-2007 breeding seasons. Blood samples were stored at room temperatur
lysis buffer (Longmire et al. 1988). Individuals were color banded to avoid resgmpli
concurrent years and to record any dispersal events. We did not sample offsirengasts to
reduce sampling related individuals. A portion of the Idaho samples (n = 29) weersea
collected as part of a radio telemetry study conducted in 1998-2000 (Dudley and Saab 2007)
Quebec samples were collected in 2000-2001. The latitude and longitude of individual sampl
locations was recorded. DNA was extracted from both blood and feather tissues Ddlagsy
Tissue Extraction Kit (QIAGEN Inc.). Blood was incubated for 2 — 24 hours withahdiution

of 200 ul and feathers were kept on a rocker for 48 hours with a final elution of 100 ul to

increase final DNA concentration.

16



2.3.2 Genotyping and sequencing

Mitochondrial DNA (mtDNA) was amplified using the polymerase chain i@a¢PCR) and
primers (L14841 and H15149) for thgtochrome yegion (Kocher et al.1989). The reaction
volume (5@Qul) contained 50-100 ng DNA, 1x reaction buffer (Perkin-Elmer), 2.5 mM WgCl
200uM each dNTP, @M each primer, 1 Uaqgpolymerase (Titanium Tag; Clontech). The PCR
program was 94C/5 min, [942C/1 min, 58C/1 min, 72C/1 min 30s] x 34 cycles, 72/5 min.

PCR products (325bp) were purified using ExoSAP-it (USB) and directly sequenced. Both
strands were sequenced using the Thermo Sequenase Cycle Sequencing Kan@SB on
either a 4300 DNA Analyzer (Li-Cor Biosciences) or a 3730XL (Applied Biosystem
Sequence editing and alignment was completed SetiuenchefGenecodes Corp.)

Samples were genotyped at eleven microsatellite @11, C115 D118 (Vila et al.
2008);RCW4(added tail)RCW5 RCW17(added tail), (Mullins and Haig personal
communication)PIlU1, DIU3, DIU4, (Ellegren et al. 1999HrU2, (Ellegren 1992)t.0x4,
(Piertney et al. 1998). We added ‘GTTTCTT' to the 5’ end of the reverse primeNg#RGd
RCW17 to promote the addition of adenine (Brownstein et al. 1996). All PCR amplifications
were performed in 10 ul reactions. Three I@iiy1, DIU3, Lox 4 were analyzed in single PCR
reactions containing 2.5 mM Mg£10.2mM of each dNTP’s, 2 uM dye-labelled forward primer
and 2 uM reverse primer, 1 Tagpolymerase (Titanium Tagq; Clontech), 1x reaction buffer
(Perkin-Elmer), and ~ 15 ng genomic DNA in 10 uL final reaction volume. Samvples
amplified with the following profile: initial denaturation at 94 °C for 10 m, followgdb
cycles of (94 °C for 60 s, 58 °C for 60 s , 72 °C for 60 s). Amplification products were analyzed

on 6.5 % polyacrylamide gels and visualized on a Li-Cor DNA Analyser 4300 (Li-Cor
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Biotechnology). Eight loci were analyzed in three multiplex reactions (Songpitary table 1)
using the QIAGEN Multiplex PCR Kit (QIAGEN, Valencia, CA). Sampleseneemplified with
the following profile: initial denaturation at 94 °C for 10 m, followed by 45 cyclesbf (Sfor
60 s,58°Cfor60s, 72 °C for 60 s). Fragment analysis was performed on an ABI 3130xI
Genetic Analyzer (Applied Biosystems Inc.), ABI GS600LIZ ladder wsesd to determine allele
sizes and (Applied Biosystems Inc., Foster City, CA) chromatogram output washaad
analyzed using GeneMapper version 3.7 (Applied Biosystems Inc., FosteC &)ty Genotypes
were manually checked by two individuals and if there was disagreement on hoawetthe
sample, we reran the genetic analyses. All feather samples were mmnimam of three
separate PCR tubes, a heterozygote genotype was accepted if confirmadwamof two times
and a homozygote genotype was accepted if confirmed a minimum of three times. We

reanalyzed any samples with discrepancies in scoring of alleles tontdiné correct genotype.

2.3.3 Genetic variation

Microsatellite markers were tested for departure from Hardy-Wegnlp&W) proportions and
gametic disequilibrium in GENEPOP (version 1.2; Raymond and Rousset 1995). Weealcula
observed and expected heterozygosity and average number of alleles/locus ve@h (1.1,
Lewis and Zaykin 2001). Allelic richness, where the number of alleles is stigrethto the
smallest sample size, ak¢ were calculated in FSTAT. The presence of null alleles, dropout of
large alleles and errors due to stuttering were tested using MICROKER(Q/an Oosterhout

et al. 2004). For mtDNA, haplotype diversity @nd nucleotide diversityt] were calculated

using DnaSP (version 4.50; Rozas et al. 2003). Haplotype richness was calculakatglipea
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mean number of haplotypes observed when sampling 21 (minimum number) haplotypes with

replacement from the frequency distribution of haplotypes created by sampling 10860 ti

2.3.4 Population-based analyses

We calculated pairwisEst (Weir and Cockerham 1984) among all sampling locations and tested
for isolation by distance based Bgy/(1- Fsy) vs. linear geographic distance among sample sites
using Mantel tests (Mantel 1967) in the ade4 (Dray et al. 2007) package in the/&eof

environment (http://www.r-project.orng/

Because our study was conducted at such a large spatial scale, we begesdiygass
hierarchical population structure where individuals at a sampling location €Figwere
considered one group. We conducted an analysis of molecular variance (AMOVARARN
3.11; Excoffier et al. 2005) and a spatial analysis of molecular variance (SAMQupanloup
et al. 2002) for both marker types. We tested five different hierarchical gropeige 1) and
tested for significance of the variance components using 1000 permutations. Bopulatie
identified by maximizing the among group percent of variatiesy)(as recommended by
Dupanloup et al. (2002). We used principal component analysis (PCA) to visualize how sample

sites clustered using PCAGEN (http://www2.unil.ch/popgen/softwares/pcaggn.htm

2.3.5 Individual-based analyses

We assessed population structure using individual-based approaches. Speevkcalied a
Bayesian clustering approach to determine the number of clusters basedetic ga
disequilibrium and deviations from Hardy-Weinberg proportions. We used the program

STRUCTURE (version 2.2; Pritchard et al. 2000; Falush et al. 2003), a widely useddppr
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that does not consider spatial information in the clustering algorithm. Nexsedethe program
GENELAND (version 3.1.4; Guillot et al. 2005b), a spatially explicit approach wianhnfer
spatial discontinuities in genetic data when incorporating the spatatldn of individual
samples as well as a user-defined uncertainty around sampling locations.

In STRUCTURE, we used the admixture model, with correlated allele frequamcie®
prior information regarding where individuals were sampled. We used a burn-in period of
300,000 followed by 1,000,000 iterations For= 1 throughkK = 10. We repeated each run four
times and averaged log Pr(X|K) across all runs to determine which vfumaximized
Pr(XK).

Although the algorithm in GENELAND simultaneously estimates all thenpatexs,
Guillot et al. (2005a), recommend a two-step approach. The first step infers the néimber
populations K) and the second step holdsonstant to assign individuals to populations. We
began the GENELAND analyses by running 10 replicates with the following ptame
maximum rate of Poisson process of 274 (equal to sample size as recommendelbbgt@uil
2005a), allowed to vary from 1 to 10, maximum number of nuclei in the Poisson-Voronoi
tessellation set to 825 (roughly three times the sample size as recomme@ietidbt al.
2005a), 500,000 MCMC iterations with a burn-in period of 100,000 iterations, the Dirichlet
model (which has been shown to perform better than alternate models available ihbANENE
Guillot et al. 2005a) in which allele frequencies are assumed to be independerit, spatia
coordinates with an uncertainty of 5 km.

To test the robustness of our GENELAND results, we varied several input parsitoet

see if we obtained the same estimat&.o\We varied uncertainty on the spatial coordinates from
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0 — 50 km. We ran the same analysis as above with the nine loci dataset without using the null
allele model to determine if the results would change based on these two diffedats.

OnceK was identified, we ran 100 replicates of the model with the same paranseters a
above anK held constant. We ranked the models by mean logarithm of posterior probability
and conducted post-processing analyses on the top ten models runs. We used a burn-in period of
100,000 iterations, a spatial domain of 400 pixels along the X axis and 200 pixels along the Y

axis and checked the runs visually for consistency.

2.3.6 Phylogeographic analyses

We used several approaches to assess historical versus contemporary pwhessean be
difficult to separate when interpreting sequence data (Edwards and B&@8)h To visualize
the relationship among mtDNA haplotypes, we used NETWORK 4.5 (http:/flonws-
engineering.com) to create a median-joining network. We estimatedalajD and Fu’s F to
test whether patterns of sequence divergenece in mtDNA followed the pattectedxp@ler a
model of neutral evolution. We calculated both metrics in DnaSP and significantesteals
using coalescent simulations (Rozas et al. 2003). Departures from neuirtdgge metrics are

often interpreted as evidence for population expansion (Tajima 1989; Fu 1997).

2.3.7 Sex-biased movement patterns

Sex-biased movements can be estimated by using highly variable autosokesbnsarch as
microsatellites, to compare estimates of population structure betweenandléemales or
differences in assignment indices between males and females. Methods basedamadut

markers require the sampling of recent immigrants or that bias in dispessahig (Goudet et
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al. 2002). When dispersal rates are greater than 10%, the metric that perfansshiees
comparison of pairwisEsrestimates between males and females (Goudet et al. 2002). Sex-
biased dispersal should result in pairwkise estimates that are lower in the dispersing sex
(Goudet et al. 2002). We estimategt among the inferred populations for each sex separately
because rates of dispersal in black-backed woodpeckers are likely matgr gran 10% given
the ephemeral nature of their habitat.

Another method to estimate sex-biased dispersal is to examine differemgatte
genetic structure in sex-linked or sex-transmitted markers (i.e., mtodiApared to autosomal
markers. Estimates &rbased on microsatellite markers can be biased low due to their highly
variable nature (Hedrick 2005a). To account for this potential bias, we calcuatddrstized
estimates of pairwise estimatesraf (Gst) for both marker types (Hedrick 2005a; Meirmans
2006). The maximurgstwas calculated by recoding each population to have unique
alleles/haplotypes to maximum among population variation, while maintaining edddewels
of variation (Hedrick 2005a; Meirmans 2006). We also plotted observed and standggglized
values on plots that show the expected valuéspfor both mtDNA and nuclear markers under

island model of migration and following isolation (Zink and Barrowclough 2008).

2.4 Results

2.4.1 Genetic variation

We found 16 variable sites in the 325 base pairs sequencedcytdbbrome bregion of the
mitochondrial genome. We identified 18 haplotypes, ranging from two in South Dakota to 12 in
Quebec (Table 2). Haplotype diversity &nd nucleotide diversityt() were highest in Idahdn (

=0.616,m = .0035) and lowest in South Dakoke50.095,x = 0.0006). One haplotype was
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very common (> 60%), a second was relatively common (16%), and eight haplotypesiyer
detected once (Figure 1; Table 3).

Ten of the eleven microsatellites were polymorphic in all the populations; Ddtlis
was monomorphic in South Dakota. After correcting for multiple comparisons (Rice 1989), tw
loci had significant departures from H-W proportion,)1 andRCW17 four pairwise
comparisons were significant for gametic disequilibrium. The average numbieles per
locus ranged from 3.64 in South Dakota to 6.91 in Quebec. Allelic richness was lowest in South
Dakota (3.57) and highest in Alberta (6.36). South Dakota had the lowest levels of
heterozygosityHlo = 0.46), other sites ranged from (0.51-0.62; Table 2).

Null alleles were apparently present at three l@adiJ1l, RCW17andC111 BothDIU1
andRCW17had relatively high estimated frequencies of null alleles (0.20, 0.15) while the
estimated frequency of the null alleleGit11occurred at a relatively low frequency (0.06). We
conducted most analyses on both a full and reduced data set, with the same gieral pa
resulting from both datasets; most results presented are from the dathsenevioci, after
removingDIU1 andRCW17(Chapuis and Estoup 2007). GENELAND results are from the full

dataset because the algorithm implemented can estimate frequencies lidlasll a

2.4.2 Population-based analyses

Samples collected from sites within the continuously distributed areas had lomesgBst

values for both mtDNA and microsatellite data (Table 4). For mtDNA, paivgsealues for

the continuous sites ranged from 0.00-0.11 while the fragmented sites ranged from 0.36-0.75.
Overall, pairwisd=stvalues for microsatellite data were much lower than mtDNA, with values

among the continuous sites ranging from 0.006 — 0.022 and from 0.035-0.094 among the
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fragmented sites. The grouping of sites within the continuously distributeclozats one
population was supported by AMOVA (Table 1), SAMOVA, and PCA (Figure 2). Due to
similar results between the AMOVA and SAMOVA, we only present AMOVA tesulhe
hierarchical grouping of the Rocky Mountain sites (Glacier, Missoula, Iddberta) with
Quebec, with Oregon and South Dakota as separate groups, explained the mast waniztg
groups for both mtDNA and nuclear DNA (Table 1). PCA reveals that, for both nigplesr;
all sites within the continuously distributed area cluster tightly togetiteOaegon and South
Dakota cluster separately from the continuous sites and each other (Figure 2).

Patterns of isolation by distance were more complex. Across alllgtesis no pattern
of isolation by distance for mtDNA (r = 0.004, P = 0.30) or microsatellites (r = 0.03, P = 0.30)
However, the lack of isolation by distance is driven mostly by the absencewékation
between geographic and genetic distance among sites within the bogsti(Rwrcky Mountains

and Quebec).

2.4.3 Individual-based analyses

Both STRUCTURE and a spatially implicit approach in GENELAND identifiedmopulation
cluster K = 1). We focus on results from GENELAND due to the similarity between shéise
found from STRUCTURE and the spatially implicit option available in GENELAND. tWée
spatially explicit approach was used, GENELAND identified three populatice) (with all
ten runs identifyind<= 3 with the highest probability (Figure 3). Individuals assigned to
populations with a high probability, with only six individuals ambiguously assigndd wit
probability of assignment =>0.99 (Figure 4). Geographic barriers to gengvéosnvidentified

with probability of assignment contours (Figure 4).
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2.4.4 Phylogeographic analyses

The haplotype network displayed a star-like pattern, which is often atttibuterecent

population expansion (Avise 2004; Figure 5). However, eight of 13 rare (<0.055%) haplotypes
that created this pattern were found in Quebec. Accordingly, only Quebec shagmificaat
departure from expectations from a neutral model of evolution (Tajima 1989; Fu 1997; Table 2;
Figure 5). Nucleotide diversity among haplotypes was low with one haplayp®@an to
populations within the boreal forest and all other haplotypes differing by fewotidele (Figure

5, Table 3). The most common haplotypes in Oregon and South Dakota differed from the most
common haplotype within the boreal forest, but were present in the boreal forest papulati
Locations across the boreal forest population shared several common haplotypd3gga%a2,

5, 6, 8; Figure 5, Table 3).

2.4.5 Sex-biased movement patterns

PairwiseFstestimates between the continuous population found across the boreal forest (boreal
forest) and the fragmented sites (Oregon and S. Dakota) were consistertlydr males

compared to females (Table 5b), a pattern indicating males are dispesinigla¢r rate than
females. PairwisEBsrestimates for microsatellite data between the continuous and fragmented
sites were 4 — 5 times lower than would be predicted based on island model of migration at
mutation-drift equilibrium using the following equation (Brito et al 20037 msat Fstmionay4

— 3*Fstmwona(Figure 6) After standardization, pairwigestestimates for microsatellite data
between the continuous and fragmented sites were > 2 times lower than expedeshbase

Wright's island model of migration. For example, pairvksemmona)= 0.49 between Oregon
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and the boreal forest population; under the island model, the expegiggy 0.19, observed
Fstmsay= 0.04. After standardizing, the standardized pair¥is@nwona= 0.72 between Oregon
and the boreal forest population, the expe€igghsa= 0.39, observed standardiZegrmsat=

0.17 (Table 5a).

2.5 Discussion

We found evidence that large gaps among forested sites apparently adesas toethe
movement of female black-backed woodpeckers and create a higher resistaocertent for
male black-backed woodpeckers. Despite the sedentary nature of many wors]peshkaow
black-backed woodpeckers are physiologically capable of long-distance nmasdrased on
records of historical irruptions outside their normal distribution into areas sotlta bbreal
forest (Yunick 1985). However, these irruptions occurred almost exclusively otiside t
breeding season (Yunick 1985) and therefore do not represent natal or breeding dspeasal
more similar to short distance migration events.

Shared ancestry and current gene flow can result in similar patterns o€ géneture,
especially in species that have recently colonized areas and undergone poppainsioa.
The star-like phylogeny of mtDNA variation (Figure 5) suggests that filacked woodpeckers
have undergone a fairly recent population expansion. However, private haplotypeses Queb
are a major contributor to this pattern. Samples collected in Quebec haveanguiépartures
from a neutral model of evolution (Table 2); since this location is the only one to haNe ity
departures from neutrality, it is unlikely that mtDNA is under selection irsttés A more
probable explanation is a recent population expansion in the eastern boreal forest (Fuli®97). T

western portion of the boreal forest population shows a pattern of high haplotype ydinetsit
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south (Idaho) that decreases in a northerly direction, indicating a south to north atter
colonization. High genetic diversity on the east (Quebec, h= 0.589) and west side (Idaho, h=
0.616) of the boreal forest population and the sharing of all common haplotypes (Table 3), as
opposed to a single common haplotype, suggest that current gene flow may be responsible f
the weak genetic structure observed. Lower genetic diversity within bothdragd
populations (Oregon, h = 0.462; S. Dakota, h = 0.074) based on a subset of haplotypes found in
the boreal forest suggest shared ancestry without much current gene flow.

Geographical features such as mountain ranges do not appear to create lpayscsl
to movement given gene flow across the Continental Divide within the Rocky Mourstéies |
most likely explanation for the weak genetic structure observed. The cotagletd genetic
structure for both microsatellite and mtDNA markers across a vastcksta3500 Km) in the
Canadian boreal forest suggest both males and females are dispersingvetgraliiyere is

continuously distributed habitat.

2.5.1 Population structure and movement
The past few years have seen an explosion of individual-based methods for defistiews cf
genetically similar individuals (Manel et al. 2003; Latch et al. 2006; Chen et al..2007)
However, individual-based methods often work best when samples are evenly spacethacros
study area. This is because if isolation by distance occurs, these gustethods can
misidentify groups at either end of the spectrum due to a lack of sampling therasstribution
of continuously distributed species (Schwartz and McKelvey 2009; Frantz et al. 2009).

In this study, we sampled in clustered manner, that is, we sampled multiple indiatua

several different sites across a large spatial scale. Therefochoae to use both traditional
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population-level based analyses to define groups of individuals (AMOVA, SAM®CA,
Fs7 and individual-based analyses (GENELAND). All of the approaches except tiadlgpa
implicit individual-based clustering methods defined the same three populatiarge,a
genetically continuous population (boreal forest) and two fragmented popul&ietoh and
South Dakota).

The spatially explicit approach employed in GENELAND displayed a verydoel bf
uncertainty in estimating the number of populations. All ten runs estirdat8dwith
subsequent identification of population boundaries and assignment of individuals to the three
populations highly consistent. Two individuals were assigned to more than one population, but

they both assigned to the “correct” population with a probability > 0.99.

2.5.2 Behavioral barriers to movement
A recent review of patterns of genetic structure in seabirds found that aneasrbéteir
breeding and nonbreeding distribution indicated potential barriers to dispersseFet al
2007), a similar pattern to what we found for female black-backed woodpeckers. However
black-backed woodpeckers’ distribution closely follows the distribution of the biorest.
There are large areas without contiguous forested habitat between tHddvestgopulation,
the Cascade region, and the Black Hills of South Dakota. These gaps in foresttdahabit
likely the ultimate cause of the limited gene flow across these g@ugnagions.

Evidence that large gaps in forested habitat are movement barrienm&begecan be
seen in the population structure we detected and the difference in p&igmgaavalues
between sites that have large gaps without forest between them (fragn@etgah and South

Dakota) as compared to sites that have forest between them (boreal faabst: Mdssoula,
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Glacier, Alberta and Quebec). Hierarchical population structure is a usaftd tetect barriers

to gene flow when you have several subpopulations that may be connected hygdigfezls of
gene flow (Allendorf and Luikart 2007). When we considered three groups: boregl fores
Oregon, and S. Dakota, a large amount of genetic variation was explained among groups and
almost no genetic variation was explained among sites within group (Table 1). When w
included Oregon with the boreal forest group, the variation among sites inciéastold,
confirming a barrier likely exists between Oregon and the boreal foreslitichal evidence can

be seen in the high pairwisgrmpnavalues (0.36 — 0.75) between sites with large gaps in forest
between them. These values are similar to those documented among subspep&ster s

clades in other birds occupying similar ranges (Gibbs et al. 2000; Mila et al. 2007)

The inclusion of spatial data in GENELAND identified the general location atbsaito
gene flow among the three populations (Figure 4). Sharp discontinuities iflayemeatch the
break in large forested areas between the Rocky Mountains and Oregon and the Rocky
Mountains and South Dakota. However, the lack of samples in the boreal forest betwetan Alber
and Quebec does not allow GENELAND to do a good job of assessing connectivity across the
boreal forest.

Black-backed woodpeckers may not be a classic forest species due toaitiaiityfor
burned forests in which most of the standing trees are dead, but it has been well docimaented t
these birds prefer dense stands of dead trees (Saab et al. 2009). Organismsv/aglally a
dispersing through certain habitat types to avoid predators or a lack of essduring travel
(Bélisle and Desrochers 2002). The risk of predation and the amount of resouredseafail
foraging will be more similar in burned and live forests than between any fgpesand non-

forest type (e.g., grassland, etc.). Non-forested habitat may be soméalpdtysical barrier to
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movement as it does not provide foraging or roosting resources. Yet, historasrsicow
black-backed woodpeckers traveling far south of their normal distribution in tieerebsteal
forest and arriving in areas such as Ohio and lllinois, which would require crémgjag

expanses of non-forested habitat (Yunick 1985).

2.5.3 Sex-biased movement patterns

Males apparently successfully travel long distances across inhospigdiiiat at a much higher

rate than females. We propose this because pairwise estimbtggs.afare lower thafrstremale

and theFstcare lower tharfrstmiona(Table 5). Dispersal rates between males and females must
differ substantially to detect differences using microsatellite mau(zoudet et al. 2002).

Pairwise estimates ®lstemavere 1.3 — 2.1 times higher thRgrmad Table 5b), a considerable
difference given these methods have a difficult time detecting diffareldpersal rates between
sexes.

We plotted the expected pairwise value§ ef,,cversus-stmipnaunder Wright's island
model of migration at equilibrium and under a model of complete isolation, along with our
observed values (Figure 6; adapted from Zink and Barrowclough 2008). Generally ghowe
both lines would indicate female-biased dispersal and points below both lines indilsate ma
biased dispersal. The pairwise estimates for sites within the continuous jpopiakhtvithin
the range of what is expected under a model of gene flow or a model of isolahiGxtmmely
large effective population sizes (éd¢. > 325,000 after 5,000 generations of isolation) which is
much larger than the estimates of long term effective population size of otreecomomon
warblers e~ 10,000; Milot et al. 2000) and downy woodpeckexspubescenfNe = 6,500;

Ball and Avise 1992). Conversely, the pairwise values of the sites separategeldydhitat
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gaps fall well below expected values under either model (Figure 6). Fitnalgtandardized
estimates oFsrare plotted and fall well below expected values under either model, indicating
male-biased movement after correcting for potential bias due to high leveteabzygosity

when using microsatellite markers.

2.5.4 Possible alternative explanations
There are four potential explanations for the observed departure from the éjmciese
values ofFstnuc: Fstmiona lack of equilibrium, high rate of homoplasy in the microsatellite
markers compared to mtDNA (Zink and Barrowclough 2008), large amount of hetertygygosi
due to highly polymorphic microsatellite markers (Hedrick 1999), and diffelelg@ersal rates
of males and females. We will discuss the likelihood of these possibilities.below

An ice sheet covered most of the boreal forest until approximately 10,000 gears a
(Hewitt 2000). Consequently, most habitat currently occupied by black-backed woodpecker
was likely colonized within the last 10,000 years (Hewitt 2000). If a lack ofilegum was
responsible for the differences between estimat€s@f.: Fstmiona then we would expect a
pattern opposite of what was observed. The population in South Dakota is likely quite smal
(low Ng), given black-backed woodpeckers only occupy the Black Hills, a relatively areall
(15,500 kni) and they are a rare bird that occupies large territories (50 — 700 ha; Dixon bnd Saa
2000; Dudley and Saab 2007). We would expect the pairwise comparison bE&ngen
Fstmionabetween South Dakota and other sites to be closest to the predicted fFairwise
Fstmionavalues under an equilibrium scenario. In fact, these sites are the farthestddoctepr
values (Figure 6). An alternative reason for the pattern observed in South Dakota daakd be

of equilibrium due to a recent bottleneck. While this is plausible, it does not explaimevhy
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largest population of black-backed woodpeckers (boreal forest) follows the expédtded aa
equilibrium and the two fragmented sites (Oregon and S. Dakota) fall far fjoestakions.

Homoplasy occurs when two alleles in a population are identical in state but have
different origins. Homoplasy is common in microsatellites because ttexyfoflow a step-wise
mutation model in which each mutation is ‘one step’ or repeat different. Homoplasyusan c
two populations to appear more genetically similar than they are becauseahehare the
same alleles from different origins. While homoplasy is certainly commoichosatellite
markers and can preveR§rn,from going to fixation Estnuc= 1.0), it is unlikely to cause as
severe an underestimatefgrn.cas we observed. More importantly, homoplasy would not
explain the highFstmionabetween sites with large habitat gaps and theHemiionabetween
sites with continuous habitat between them, which is a main driver of our pattern

Because estimates B§rdepend on how much variation there is in a population,
estimates based on microsatellites are often biased downward due tgehmulaber of alleles
per locus and high amount of heterozygosity (Hedrick 2005a). Based on standardizddsestima
of Fstmiona We would expect estimates of genetic divergence between South Dakota and the
boreal forest population to &= 0.335 and our standardized estimatéHf, .= 0.167, a
value twice as low as expected. Therefore, highly variable loci deflediimgates of genetic
divergence does not explain the pattern we observed.

Differential gene flow between males and females is the best explaf@tithe pattern
in our data. Sex-biased dispersal is a common phenomenon in birds, with a majority having
female-biased dispersal (Clarke et al. 1997). A review of patterns of axinsed dispersal
found 11% (6/53) of bird species to have male-biased dispersal and 15% (8/53) showed equal

dispersal between sexes (Clarke et al. 1997; Gibbs et al. 2000). Several studies hagetddcum
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patterns of sex-biased dispersal based on different patterns of ganetiarstobserved in

mMtDNA as compared to nuclear DNA (Gibbs et al. 2000; Helbig et al. 2001; Johnson et al. 2003;
Bouzat and Johnson 2004; Gay et al. 2004; Tiedemann et al. 2004; Jones et al. 2005). Although
female-biased dispersal dominates in birds, waterfowl often show a patterteahediated

gene flow (Greenwood and Harvey 1982; Lecomte et al. 2009). Red-crested pade#als (

rufina; Gay et al. 2004), common eideBofnateria mollissimaliedemann et al. 2004), sandhill
cranes Gruscanadensiy as well the yellow warbleDendroica petechiaGibbs et al. 2000)

have patterns of genetic structure consistent with male-mediatedger(ed., highly

structured mtDNA and weakly structured nuclear DNA). Lekking spéeresto have the

common pattern of female mediated gene flow with high site fidelity bysntlade is evidenced

by mtDNA structure that is weak compared to nuclear structure (Johnson et alB208&t and
Johnson 2004). Most of these species are migratory species with one sex thaparhib

the natal territory.

The leading hypothesis attributes sex-biased dispersal to advantages to thérighsiepa
of obtaining higher quality territories and the dispersing sex leaving to avoi@dntge
(Greenwood 1980). Black-backed woodpeckers’ life history is quite different than most
migratory species because they are a resident species that occupgrg year-round, and then
both males and females disperse when their habitat becomes suboptimal (timegdars
postfire). Thus, we would predict equal rates of dispersal for males and fémecdese neither
sex can occupy sites near the natal territory long term and the frequent atbondd new
habitats should provide a mechanism to avoid inbreeding.

Our findings differ from a simple pattern of male-biased dispersal befsmaées and

males both must regularly disperse due to ephemeral nature of their haddgtorfally, we
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found evidence that suggests gene flow attributed to both sexes; that is, an abgenegm
structure for both mtDNA and nuclear DNA, over large areas across the looesal f
Differential gene flow between males and females was confirmed byediffestimates of

pairwiseFstestimates.

2.5.5 Conservation implications

Our data suggest that females do not cross large gaps in habitat and trgapargehabitat act
as a higher resistance landscape to long-distance dispersal for melegoiie, small isolated
populations, such as the one in South Dakota, may deserve higher priority for conservation. Fo
example, land management actions that affect black-backed woodpecker hatiitas salvage
logging, would need to be considered in a spatial and temporal context because lbgater ha
patches are available to birds through time. If the population in South Dakota sldciet®
habitat degradation, recolonization of the areas by females is unlikelytiohddy, it is

important to determine if the Oregon population is connected to California or Washington
populations when planning management actions that affect populations. Our data shegests
has been gene flow across the boreal forest for a long period of time. Managetimas

should strive to maintain forested connectivity between burned patches to miiata levels

of gene flow.

We are unaware of any other studies finding evidence for males and femaleg maki
different decisions regarding crossing large gaps in habitat for Iet@ade dispersal events.
Future studies examining behavioral barriers to movement should consider that patterns of
movement of males and females can differ across various types of habitats eBpiscially

important given the common use of nuclear genetic data to define populations.
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Table 2-1 Analysis of molecular variance (AMOVA) results of five dd@fgrgroupings of black-backed woodpecker sampling sites

for mtDNA and microsatellite loci. Significance values are based on 1000 pgomsitasing ARLEQUIN 3.11. Results from spatial

analysis of molecular variance (SAMOVA) are nearly identical an@tbes, are not shown.

No. of Variance MtDNA Microsatellites
Group groups component % of variance % of variance
(Rocky Mountains+ Quebec + Oregon); 2 Among groups 35.26 3.18
(South Dakota) Among sites 15.24** 2.22**
Within sites 49 5** 94.61**
(Rocky Mountain$+ Quebec); 3 Among groups 49.99* 3.54*
(Oregon); (South Dakota) Among sites 1.07* 1.38**
Within sites 48.95** 95.08**
(Rocky Mountain¥); 4 Among groups 37.51 2.33
(Quebec); (Oregon); (South Dakota) Among sites 1.4 1.27**
Within sites 61.08** 96.4**
(W. Montana + N.W. Montana + Idaho + Quebec) 4 Among groups 45.01* 2.71*
(Alberta); (Oregon); (South Dakota) Among sites 0.12 1.41*
Within sites 54.87** 95.88**
(Missoula + Glacier); (Idaho); (Alberta); (Quebec); 6 Among groups 34.13 1.9
(Oregon); (South Dakota) Among sites -1.03 1.18*
Within sites 66.90** 96.93**

'Rocky Mountains = Idaho, W. Montana, N.W. Montana, Alberta;, *0.05; ** P <

0.0001
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Table 2-2 Genetic diversity and neutrality tests for all sampling locatrmeiading the number of individuals sampled (n), number of
haplotypes observed at each location, haplotype diversity (h), nucleotide divejsitaplotype richness (HR¥;s, fixation index;
AR, allelic richnessHg, expected heterozygosity; Fu's F, test for neutrality and DTaj, Tajilvéest for neutrality; standard errors

are in parentheses.

No. of
n haplotypes h T HR Fis He AR FUu'sF  Dryj

Idaho 42 6 0.616 (0.012) 0.004 457 -0.01 0.58 5.46 (1.35) -0.92 -0.54
Missoula 49 6 0.450 (0.012)  0.002 4.00 0.12 0.58 5.52 (1.18) -1.90 -1.11
Glacier 48 7 0.457 (0.012) 0.002 4.12 0.01 0.58 5.69 (1.15) -3.25 -1.45
Alberta 21 2 0.324 (0.024) 0.002 1.98 0.02 0.63 6.36 (1.30) 1.94 0.38
Quebec 56 12 0.589 (0.010)  0.0025.58 0.05 0.60 5.76(1.38) -10.60** -1.87*
Oregon 32 3 0.462 (0.013)  0.003 2.47 0.08 0.58 5.13 (0.90) 1.54 0.64
S. Dakota 27 2 0.074 (0.013)  0.001 1.55 0.01 0.46  3.57(0.52) -0.07 -1.51
All

locations 275 18 0.613 (0.029) 0.003 0.05 0.60 6.03(1.33) -11.46* -1.50

*P<0.05; *P < 0.0001
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Table 2-3 Haplotype frequencies in each of the seven sampling locationgy(seelly

Haplotype Missoula Glacier Alberta Idaho S. Dakota Oregdpuebec
1 0.74 0.73 0.81 0.60 0.00 0.28 0.63
2 0.10 0.13 0.00 0.14 0.96 0.03 0.16
3 0.02 0.00 0.00 0.00 0.00 0.00 0.00
4 0.02 0.00 0.00 0.00 0.00 0.00 0.00
5 0.08 0.06 0.00 0.10 0.00 0.00 0.02
6 0.04 0.02 0.19 0.12 0.00 0.69 0.00
7 0.00 0.02 0.00 0.00 0.00 0.00 0.00
8 0.00 0.02 0.00 0.02 0.04 0.00 0.02
9 0.00 0.02 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.02 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 0.02
12 0.00 0.00 0.00 0.00 0.00 0.00 0.04
13 0.00 0.00 0.00 0.00 0.00 0.00 0.02
14 0.00 0.00 0.00 0.00 0.00 0.00 0.04
15 0.00 0.00 0.00 0.00 0.00 0.00 0.02
16 0.00 0.00 0.00 0.00 0.00 0.00 0.02
17 0.00 0.00 0.00 0.00 0.00 0.00 0.02
18 0.00 0.00 0.00 0.00 0.00 0.00 0.02
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Table 2-4 Pairwis€st values for mtDNA (below diagonal) and microsatellite (above

diagonal). Significant values are indicated in bold and with asterisks

Idaho  Missoula Glacier Alberta  Quebec Oregon S. Dakota

ldaho 0.007*** 0.015** 0.022** 0.019** 0.048*** 0.057***
Missoula  0.000 0.012*** 0.014** 0.014** 0.035*** 0.044***
Glacier 0.001 0.000 0.012* 0.017*** 0.042*** 0.049***
Alberta 0.040 0.092**  0.08*** 0.006 0.050***  0.050***
Quebec 0.028 0.000 0.000 0.11* 0.049*** 0.056™**
Oregon  0.38*** 0.51** 0.51*** 0.36*** 0.54*** 0.094***

S. Dakota 0.43*** (0.51*** 0.54** 0.73*** 0.53*** 0.75***
*P<0.05 *P<0.01, **P<0.001
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Table 2-5 A comparison of estimates of pairwkge between inferred populations

between autosomal and sex-transmitted markers (a) and pdtgyisstimates for males

and females based solely on autosomal markers to test for sex-biased m@atteamnd

among populations. (a) Observed and standardized pakgigstimates are based on

mMtDNA (below diagonal) and microsatellite markers (above diagonal). &hg &hd

female estimates are based on microsatellite markers for malew (@@agonal) and

females (above diagonal).

a)
Observed-sy StandardardizeBsy
Boreal Boreal
Forest Oregon S. Dakota Forest Oregon S. Dakota
Boreal Forest - 0.039 0.043 Boreal Forest - 0.165 0.167
Oregon 0.490 - 0.095 Oregon 0.716 - 0.200
S. Dakota 0.452 0.754 - S. Dakota 0.669 0.885 -
b)
Sex-specifidFsy
Boreal
Forest Oregon S. Dakota
Boreal Forest - 0.035 0.048
Oregon 0.027 - 0.088
S. Dakota 0.024 0.042 -
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Figure 2-1 The distribution of black-backed woodpeckers (Naturesertre)hsiseven
sampling locations: Oregon, ldaho, Missoula, Glacier, Alberta and Quebec. The
frequency of observed mtDNeytochrome thaplotypes at each sampling location is

represented by pie charts at each location.

Figure 2-2 Principal Components Analysis visualizing clustering of samipliagjons
based on a) mtDNA; PC 1 =59%, PC 2 = 39%; b) microsatellite data, PC 1 = 38%, PC 2
= 29%; SD = South Dakota, OR = Oregon, ID = Idaho, MA = Missoula, GL = Glacier,

AB = Alberta, QB = Quebec.

Figure 2-3 The posterior density distribution of the number of populatres{imated
using the spatially explicit model in GENELAND. All ten replicates oflgses in

GENELAND shared similar distributional plots.

Figure 2-4 Maps showing the three clusters identified in the spatigllicieanalysis
conducted in GENELAND. Figure (a) identifies which cluster each samplgneaped

with in assignment tests conducted in GENELAND (circles = continuous population
extending from the Rocky Mountains to Quebec; squares = Oregon; triangtegh
Dakota)The three clusters are b) continuous population extending from the Rocky
Mountains to Quebec, ¢) western population, d) South Dakota population. The contours
represent probability of assignment to the clusters and display wheredgrgene

flow exist. The appearance of a partial barrier to gene flow within (&ely kan artifact
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of the lack of samples between Alberta and Quebec given samples at each end of this

cluster assign with a high probability to the same population.

Figure 2-5 Median-joining network constructed using NETWORK 4.5.1.0 (Fluxus
Technology Ltd 2005) from 325 bp oftochrome yegion of mtDNA for 275 black-
backed woodpeckers sampled in seven different geographic locations across\geeir r
The size of the circles are proportional to the frequency of the haplotype; therraimbe
individuals that share a haplotype in each geographic region is represeatddfbyent

color and/or pattern pie slice within each circle.

Figure 2-6 The expected relationship betwegncandFstmipnsat mutation-drift
equilibrium under Wright's island model of migration (solid black line) and under a
model of complete isolation (dashed line). Observed pairwise vallestand
Fstmionafor black-backed woodpeckers are plotted; black triangles are sites within the
continuous distribution, asterisks are pairwise values where at least one aof tre pa
the fragmented sites and solid black circles are standardized estintatesrbéhe three
populations inferred from both hierarchical population analyses and individual-level

clustering in GENELAND.
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Chapter 3 - Discordant patterns in mtDNA and microstellite
markers reveal historic and contemporary processeshaping

spatial structure of hairy woodpeckers Picoides villosus).

3.1 Abstract

The spatial genetic structure of populations at the landscape scale cale provi
information about the permeability of different habitat types. In this studed lusth
microsatellite and mitochondrial DNA (mtDNA) data to determine laqe genetic
structure of the hairy woodpeckéti¢oides villosus a common species continuously
distributed over much of North America. | then compare the patterns observed with that
of the black-backed woodpecké?. (arcticug, a sympatric species that shares several life
history traits but is more restricted in the types of habitats occupied. ddielite data
show a strong pattern of isolation by distance that is completely absemhNAniata.

In mtDNA, genetic divergence is lower among sites within the boreatfarel higher
among sites that are geographically closer but outside the boreal foresappdunisnt

lack of structure is likely due to an ancestral polymorphism shared at high fcggasn
opposed to historical or ongoing gene flow. Based on isolation by distance in the
microsatellite data, gene flow is primarily influenced by geplgi@distance, regardless

of the composition of the landscape matrix at the large-scale. This difierdHe
congeneric black-backed woodpecker, where the spatial pattern of gemnetigrstr
appears to be shaped by the landscape matrix, with large areas of nedfbadstat

being less permeable to gene flow. This research supports the hypothesis that habi
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generalists are less sensitive than specialists to habitat hetetpgetiee landscape

matrix.
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3.2 Introduction

Population genetics can provide important insights into both historical and contemporary
processes, such as gene flow and demography, in relation to landscapse.feitare
landscape matrix plays an important role in shaping the genetic structuraey$pezies
by limiting or encouraging gene flow through dispersal behavior. But fotyhagile
species such as birds, gene flow may simply be related to distance betwees patche
regardless of the intervening habitat. Habitat generalists may begwdlicross many
types of habitat in the landscape matrix. Habitat specialists, on the other leand, ar
thought to be more sensitive to the types of habitat in the landscape matrix,|lgspecia
over large distances (Haddad 1999, Tischendorf et al. 2003, Gillies and St. Clair 2008).
In this study, | compare the landscape-scale genetic structure of tevessipat share
many life history characteristics, the black-backed woodpecker andwa@adpecker.
The black-backed woodpecker is considered a habitat specialist, wherkasyhe
woodpecker is much more cosmopolitan in the habitats occupied.

Generalizations among species with common life history charactedséc
appealing due to the challenging nature of collecting demographic data, sugheesatlis
patterns, on many species (Walters 1998, Koopman et al. 2007). Black-backed and hairy
woodpeckers are both resident, cavity-nesting, bark-foraging speciespluit lexrned
forests for their plentiful nesting and foraging resources (Dixon and Saab 20&hn]ac
et al. 2002, Vierling et al. 2008, Saab et al. 2009). Black-backed woodpeckers are nearl
restricted to early postfire habitat in the Rocky Mountain region and are pireseny
low densities outside burned areas in the boreal forest (Hutto 2008, Nappi and Drapeau

2009, Russell et al. 2009). Hairy woodpeckers are the most widespreadPmicidles
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woodpeckers and use a wide variety of habitats, including large forested ardlas, sma
woodlands in grasslands, and are common in urban areas (Jackson et al. 2002).

In a previous study, | found that black-backed woodpecker populations have high
genetic connectivity across the boreal forest where the habitat msatortinuous forest.
Populations separated by areas without forest, such as the open grasslarets thetwe
boreal forest and the Black Hills of South Dakota have lower genetic connectivity
(Pierson et al. in press). If the reason black-backed woodpeckers do not cros&the larg
openings between the boreal forest and southern sites is due to a physical lack of
resources such as foraging and roosting sites, then the same patterwtiofsjricture
should be present in hairy woodpeckers due to their shared use of these resources.
Alternatively, if hairy woodpeckers are less sensitive to the types oatwmbitthe
landscape matrix because they are a generalist, then | expect genetiare to be
determined by geographic distance among sites regardless of the imgrhvaitat. My
objectives were to determine 1) patterns of genetic structure for hairy waedpacross
northern North America using both mtDNA and microsatellite markers and atem
patterns observed to a previous study of the landscape-scale genetic strubtire of t

black-backed woodpeckers.

3.3 Methods

3.3.1 Sampling
Blood or feather samples were collected from 119 hairy woodpeckers in fiypirsgam
locations: Oregon, west-central (W.C.) Montana, northwest (N.W.) Montana, South

Dakota, and Eastern Canada (Tablel, Fig. 1). A detailed description of sampling
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protocols has been described elsewhere (Pierson et al. in press). Briefly, adult
woodpeckers were captured at the nest site, blood was collected from the brachial ve
birds were marked with a unique color-band combination and a spatial location was
recorded. Samples from E. Canada were provided by a collaborative studydT. B

personal communication)

3.3.2 Genotyping and sequencing

A full description of DNA extraction and genotyping protocols and analyses can be found
in Pierson et al. (in press). Mitochondrial DNA (mtDNA) was amplified using the
polymerase chain reaction (PCR) and primers (L14841 and H15149) foyttiohrome

b region (Kocher et al.1989). Samples were genotyped at ten microséieilit@l11],

C115 D118 (Vila et al. 2008)RCW4(added tai)RCW5 RCW17(with an added tail),
(Mullins and Haig personal communicatioBjU1, DIU4, (Ellegren et al. 1999)rU2,
(Ellegren 1992)Lox4, (Piertney et al. 1998). | added ‘GTTTCTT' to the 5’ end of the
reverse primer cRCW4andRCW17to promote the addition of adenine which produces

a clearer genotype (Brownstein et al. 1996).

3.3.3. Genetic variation

Microsatellite markers were tested for departure from Hardyaldéeg (H-W)
proportions and gametic disequilibrium in GENEPOP (version 1.2; Raymond and
Rousset 1995). | calculated expected heterozygosity and average numbersjioailsie
in GDA (version 1.1; Lewis and Zaykin 2001). Allelic richness, where the number of

alleles is standardized to the smallest sample size; anere calculated in FSTAT.
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The presence of null alleles, dropout of large alleles and errors due to stwttereng
tested using MICRO-CHECKER (Van Oosterhout et al. 2004). For mtDNA, haplotype
diversity () and nucleotide diversityt) were calculated using DnaSP (version 4.50;

Rozas et al. 2003).

3.3.4 Population-based analyses

| calculated pairwis&st(Weir and Cockerham 1984) in GENEPOP (version 1.2;
Raymond and Rousset 1995) among all sampling locations and tested for isolation by
distance based dfsv/(1- Fsy) vs. linear geographic distance among sample sites using
Mantel tests (Mantel 1967) in the ade4 (Dray et al. 2007) package in the R software

environment (http://www.r-project.ong/ | conducted an analysis of molecular variance

(AMOVA; ARLEQUIN 3.11; Excoffier et al. 2005) for both marker types. ldédghree
different hierarchical groupings (Table 2) and tested for significandeofdriance

components using 1000 permutations.

3.3.5 Phylogeographic analyses

To visualize the relationship among mtDNA haplotypes, | used NETWORK 4.5
(http://www.fluxus-engineering.com) to create a median-joining netwioektimated
Tajima’s D and Fu’s F to test whether patterns of sequence divergent@NAAm
followed the pattern expected under a model of neutral evolution. Departures from
neutrality in these metrics are often interpreted as evidence for populgb@mseon
(Tajima 1989; Fu 1997). Mismatch distributions were estimated for furtstergeo see

if there was a signal of recent population expansion (Rogers and Harpending 1992).
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Mismatch distributions calculate the expected frequency of nucleotide ddésre
between DNA sequences under a model of constant population size compared to a
change in population size. | calculated these metrics in DnaSP and sigeificasic

tested using coalescent simulations (Rozas et al. 2003).

3.4 Results

3.4.1 Genetic variation

| found 16 variable sites in the 319 base pairs sequencedadgttdolrome yegion of
the mitochondrial genome, with 9 haplotypes identified. Haplotype divehgign(l
nucleotide diversityd ) were highest in Oregoih € 0.699,x = .0046) and lowest in E.
Canadalf = 0.442 = 0.00175). Null alleles were apparently preselaitl and
RCWe6and these loci were omitted from further analyses. The remaining eight loc
conformed to H-W proportions and | did not detect gametic disequilibrium. Allelic
richness and expected heterozygosity were similar across all satogktigns (AR:

6.70 — 7.26, & 0.71 — 0.77; Table 1).

3.4.2 Population-based analyses

For mtDNA, pairwiseFstvalues among sites connected by the boreal forest (W.
Montana, N.W. Montana, E. Canada) were lower than among the isolated sites (Oregon,
S. Dakota; Table 3). Furthermore, the hypothesis of isolation by distancejecisd

(Figure 2;r =-0.09,P = 0.40). A hierarchical analysis of population structure supported
the lack of genetic structure across the boreal forest, revealing thrges Table 2;

boreal forest: N.W. Montana + W.C. Montana + E. Canada; Oregon; S. Dakota). In

55



contrast, pairwis&stvalues for microsatellite data followed an isolation by distance
pattern, where genetic differentiation increased with geographic cis(@able 3; Figure
2). A hierarchical analysis of population structure based on microsatellilesdigfur
different population groupings with only sites in close geographic proximityg llee
only ones grouping together (Table 2; N.W. Montana + W.C. Montana; E. Canada;

Oregon; S. Dakota)

3.4.3 Phylogeographic analyses

The haplotype network revealed little spatial structure in the pattern of mtiérsity
(Figure 3). Most sites shared a common haplotype and all other haplotypesidifer
one to three nucleotides. Locations within the boreal forest (W. Montana, N.W.
Montana, E. Canada) showed significant departures from a neutral model based on Fu’s
F. No departures from a neutral model were detected with Tajima’s De(Tabl am
reporting only the mismatch distributions for all sampling locations groupeth&rge
because there was little power to detect expected differences on aduabisiie basis.
Mismatch distributions for all sites support a signal of population expansion€Fyur
Low genetic divergence within the boreal forest was driven by the sharingpairaon,
centrally located haplotype; all rare haplotypes in E. Canada were deisbtéal that

site (Table 4, Figure 3).

3.5 Discussion

Spatial patterns of genetic variation present in mtDNA and microsatilizeconvey
different patterns of population structure in hairy woodpeckers. MtDNA asallgsivs

low genetic differentiation within the boreal forest sites and higher igafiferentiation
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among sites outside the boreal forest (Oregon, S. Dakota). Genetic data from
microsatellites suggest a stepping stone model of dispersal based on a stesngpa
isolation by distance. This disparity is likely the result of a singleeghékely ancestral,
haplotype found in high frequency in N.W. Montana, W.C. Montana and E. Canada

reducing genetic differentiation based on mtDNA across the boreal. forest

3.5.1 Mitochondrial DNA variation
There is no correlation between genetic and geographic distance, suggesgraphic
distance is not a primary factor influencing mtDNA structure in hairydpeokers.
PairwiseFstvalues indicate high genetic divergence among Oregon, South Dakota and
boreal forest sites (N.W. Montana, W.C. Montana, and E. Canada) and low genetic
divergence within the boreal forest. The lack of spatial structure within the Bunessl
could be a result of current gene flow or a shared ancestral polymorphism. ffhe hig
frequency and central position of the single shared haplotype among sitestkathi
boreal forest suggest the pattern is driven by an ancestral polymorphishe < t
haplotypes detected in E. Canada, five are present only in that region, isggipest
gene flow is limited between E. Canada and all other sites (Table 4). lCared®&outh
Dakota each have a different common haplotype that is only one or two base pairs
different from the probable ancestral haplotype and these haplotypes arg pregher
sampling locations. Oregon shares several rare haplotypes with N.W. MontanaGand W
Montana, suggesting that some gene flow may be present among these sites.

Across the entire study area, sequence variatiogtothrome kprovides some

evidence for recent range expansion. The median joining network consists of a few
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common haplotypes that are closely related and many rare haplotypes.tibnadahge
expansion produced low nucleotide diversity combined with high haplotype diversity,
and a significant Fu's F. Mismatch distributions provide additional support fartrece
range expansion (Figure 4). All values of Tajima’s D were negative, suggas
historic change in population size; however no values were significant.

This pattern of haplotype diversity is common in many temperate bird species that
have undergone postglacial expansions across the boreal forest (Mila et al. 2006).
However, many species show an east-west division due to fragmentation of the boreal
forest into eastern and western refugia (Weir and Schluter 2004, Pele086aHull
2008). Weir and Schuter (2004) suggest the Pacific Coast and Rocky Mountains were
further divided into separate refugia by more recent glacial advances [([ib7 gears
before present) based on common splits in the lineages of many boreal specdzta My
support the presence of a historic population in Oregon that was previously connected to
the Rocky Mountain sites. The presence of ancestral polymorphisms often edesplic
the interpretation of contemporary patterns and may be the reason for a lackstf an e

west division across North America in hairy woodpeckers.

3.5.2 Microsatellite variation

The hairy woodpeckers is a continuously distributed species with limited dispedsal
whose genetic structure is primarily influenced by geographic distageedless of the
intervening habitat. Banding data on hairy woodpeckers suggest that most birdsedisper
less than 40 km (Jackson et al. 2002). The magnitude of genetic differentiation across

my study area was moderate (m&¢= 0.07) compared to other bird species across large
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areas in North America (Boreal owldgolius funereg€.004 Koopman 2007; yellow
warbler Dendroica petechig0.014 Gibbs 2000). The red-tailed hawki{eo

jamaicensiy a common species with a similar continuous distribution has lower genetic
divergence between recognized eastern and western subspe¢#8.03; Hull et al.

2008).

Hierarchical grouping of sampling locations defined four groups with the two
geographically proximate sites in Montana grouping together and all otlebsitg
separate. In my study, hierarchical analysis of population structure Eovgight into
the amount of genetic variation among groups compared to within groups. However, my
sampling design and analysis did not allow the defining of populations based on these
analyses. Given the strong pattern of isolation by distance in the micresakaid,
populations that are a large distance apart are likely to be defined agegpaups.
Sampling of intermediate locations would likely show a large continuous population
(Schwartz and McKelvey 2009).

The hairy woodpeckers has the largest distribution of alPtb@ides
woodpeckers, ranging from Alaska to Central America. It shows a largenhmf
geographic variation in morphologic characteristics across its rdagkspn et al. 2002).
As many as 21 subspecies have been recognized, with fourteen subspecieza@cogni
most recently (Jackson et al. 2002). Across my study area, up to five recognized
subspecies may have been sampled includiogides villosus monticola, Picoides
villosus septentrionalis, Picoides villosus villosus, Picoides villosuad¢aovae,

Picoides villosus harrisi All of these recognized subspecies are thought to intergrade at

their boundaries and do not likely reflect genetic discontinuities (Jacksbr2@03).
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3.5.3 Comparison between species

In a previous study, | found concordant patterns in microsatellite data andAniDiNn
the black-backed woodpecker that supports high genetic connectivity across the borea
forest and lower connectivity among sites with non-forested matrix gRietsal. in
press). Despite many commonalities among the black-backed and hairy wavdpec
(Russell et al. 2009), patterns of genetic variation differ between the twiespec
Patterns of mtDNA structure in the hairy woodpecker are concordant with et of
black-backed woodpeckers; however, the factors responsible for low genetic
differentiation within the boreal forest differ between the two species. Highflpemis
the most likely reason for low genetic differentiation in the black-baclkestipecker
because E. Canada sites share several high and moderate frequency hapiibt\gites

in the western boreal forest (Pierson et al. in press). As mentioned previously, hairy
woodpeckers in E. Canada share only the most common haplotype with sites in the
western boreal forest, which suggests that ancestral polymorphism is theketps
reason for low differentiation.

Microsatellite data in black-backed woodpeckers also provide support for higher
gene flow within the boreal forest compared to sites isolated from the boresal fore
PairwiseFstvalues between the Rocky Mountains and E. Carfagla<(0.02) are
markedly lower than sites geographically closer (e.g., Rocky Mountains t@ak8tdbst
= 0.05), and there is a lack of isolation by distance (Mantel'9.03,P = 0.3, Pierson et

al. in press). Conversely, the hairy woodpecker has a strong pattern of isolation by
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distance, with geographic distance appearing to be the primary influenceatic gen
differentiation.

Genetic variation within sites supports the different patterns of spatielst
observed in each species described above. The black-backed woodpecker populations in
S. Dakota has extremely low genetic diversity (h = 0.074, AR = 3.57, Pierson et al. in
press), which is typical in a small isolated population. In contrast, hairy woodpecke
had similar amounts of genetic variation in all sampling locations (Table 1)akybia
continuously distributed species spread over large areas.

This study supports the hypothesis that black-backed woodpeckers, a gpecialis
are more sensitive than hairy woodpeckers, a generalist, to the compositien of
landscape matrix. Recent work by Gillies and St. Clair (2008) documented nyarked|
different movement patterns through corridors by barred antshiikesnpiophilus
doliatug, a forest specialist compared to rufous-naped wi@aspylorhynchus
rufinuchg, a forest generalist. The barred antshrike relied on high quality habitat (i.e.,
riparian forest versus fencerow) within a corridor to successfullyg gags between
habitat. The rufous-naped wren crossed gaps in habitat twice as often andiwgsowil
use lower quality habitat (fencerows) as a movement corridor.

The black-backed woodpecker is a fire specialist (Hutto 2008, RusselR808)
that prefers to forage and nest in dense stands of dead trees (Saab et al. 200&iyy The
woodpecker nests and forages in many forest types (Jackson et al. 2002, Ripper et al
2007). Within burned forests, Saab et al. (2007) found a lower density of hairy
woodpecker nests in partially logged versus unlogged sites, with lower nest survival

logged sites. In unburned forests, Hayes et al. (2003) found hairy woodpecker density
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increased in mixed conifer stands that had been moderately or heavily thinned. Althoug
hairy woodpeckers may prefer older forest stands (over 60 years), theypddsrage in
stands of various ages and size (Ripper et al. 2007). Nest success in second growth
forests near clear cuts was high (88%; Ripper et al. 2007), and edge habitats were
regularly used for foraging.

The hairy woodpecker’s use of a wide range of habitats, including forest edges,
may explain the differences in large-scale genetic structurevelosketween the black-
backed and hairy woodpecker. Black-backed woodpeckers may find large gaps in
contiguous forest a higher resistance landscape to cross than hairy woodpechese
they are more associated with dense stands of burned forest. The hairyckeddpe
tendency to occupy such a wide variety of forest types, particularlynediggats near
clear cuts, may explain why geographic distance as opposed to interveniat) tiypbit

is the primary influence on genetic connectivity across large Epedies.

3.5.4 Conclusions

My results demonstrate the importance of using both mtDNA and microsatadliters
when assessing population structure because they provide insights into diffieeent
scales of genetic connectivity. Metrics of population differentiation baiseatDNA
must be interpreted with caution given the presence of ancestral polymorphisms,
especially in areas that have been colonized relatively recently suchbasehkforest.
Together they provide the opportunity to identify historical versus contemporary

processes influencing current estimates of population structure.
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Contemporary movement patterns of hairy woodpeckers are determined lgrimari
by geographic distance, supporting the hypothesis that habitat generalistssa
sensitive to habitat heterogeneity in the landscape matrix. Despite rhanyifet history
similarities, black-backed and hairy woodpeckers have different populationayeneti
structure; which is likely a result of differential movement patterreutyir the landscape
matrix. However, caution should be exercised when making generalizations about
movement patterns based on any life history characteristics (i.e., lygvtalist)
because generalized patterns often have limited predictive power. Speciés sata

may be necessary when making conservation plans.
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Table 3-1 A summary of genetic diversity statistics for all sampdiogtions, including the number of individuals sampl&d (
number of haplotypes, haplotype diversity (h), nucleotide diversityRu’s F, test for neutrality (significant values 0.05 in bold);
DTaj, Tajima’s D test for neutrality; P, significance values; AR JiallichnessjFis, measure of departure from H-W proportions

within subpopulationgHg, expected heterozygosity; standard errors are in parentheses.

No. of
n haplotypes h T FusFs Tajima's D AR Fis He
Missoula 30 7 0.510 (0.110) 0.00238 -3.793 -1.424 6.79 (0.36) 0.020 0.74
Glacier 25 7 0.587 (0.110) 0.00242 -4.068 -1.800 7.26 (0.37) 0.074 0.77
S. Dakota 10 3 0.600 (0.130) 0.00209 -0.272 -0.184 7.13(0.44) 0.087 0.71
E. Canada 20 5 0.442 (0.130) 0.00175-2.677 -0.909 6.70 (0.37) 0.028 0.73
Oregon 34 7 0.699 (0.059) 0.00460 -1.231 -0.408 6.70 (0.29) 0.037 0.73
All locations 119 19 0.701 (0.042) 0.00388 -13.988 -1.604 7.34 (0.36) 0.040 0.71
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Table 3-2 Analysis of molecular variance (AMOVA) results of three whiffegroupings of hairy woodpecker sampling sites for both

mtDNA and microsatellite loci. Significance values are based on 1000 paonsitasing ARLEQUIN 3.11.

Group No. of groups Variance component  mtDNA Microsatellites
% of variance % of variance

(N.W. Montana + W. Montana + E. Canada + 2 Among groups 27.79 1.04
Oregon) (South Dakota) Among sites 17.61** 2.83**

Within sites 54.6** 96.13**
(N.W. Montana + W. Montana + E. Canada) 3 Among groups 38.04 -0.19
(Oregon) (South Dakota) Among sites 0.79* 3.18**

Within sites 61.18** 97**
(N.W. Montana + W. Montana) (E. Canada) 4 Among groups 33.56 2.9
(Oregon) (South Dakota) Among sites -0.68 0.54

Within sites 67.13** 96.56**

* P, 0.05; *P < 0.0001
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Table 3-3 Pairwis€sr values for mtDNA (below diagonal) and microsatellite data
(above diagonal). NWM: N.W. Montana, WM: W. Montana, OR: Oregon, SD: S.

Dakota, EC: E. Canada. Significant values are indicated in bold and withkassteris

NWM WM OR SD EC
NWM - 0.005 0.014** 0.026** 0.038**
WM 0.00 - 0.003 0.046** 0.057**
OR 0.310** 0.262** - 0.053** 0.070**
SD 0.545** 0.526** 0.270** - 0.023*
EC 0.043* 0.052* 0.354** 0.629** -

*P<0.05*P<0.01** P <0.001
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Table 3-4 Haplotype frequency in hairy woodpeckers in each sampling location

Haplotype N.W. Montana W. Montana Oregon S. Dakota E. Canada
1 0.64 0.70 0.29 0.00 0.71
2 0.08 0.03 0.00 0.60 0.00
3 0.04 0.07 0.03 0.00 0.00
4 0.12 0.03 0.00 0.00 0.00
5 0.04 0.00 0.00 0.00 0.00
6 0.04 0.00 0.00 0.00 0.00
7 0.04 0.00 0.00 0.00 0.00
8 0.00 0.07 0.00 0.00 0.00
9 0.00 0.03 0.03 0.00 0.00

10 0.00 0.07 0.47 0.00 0.00
11 0.00 0.00 0.03 0.00 0.00
12 0.00 0.00 0.06 0.00 0.00
13 0.00 0.00 0.09 0.00 0.00
14 0.00 0.00 0.00 0.30 0.00
15 0.00 0.00 0.00 0.10 0.00
16 0.00 0.00 0.00 0.00 0.05
17 0.00 0.00 0.00 0.00 0.05
18 0.00 0.00 0.00 0.00 0.10
19 0.00 0.00 0.00 0.00 0.05
20 0.00 0.00 0.00 0.00 0.05
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Figure 3-1 The distribution of hairy woodpeckers (from Natureserve) witfivihe

sampling locations: Oregon, W. Montana, N. W. Montana, S. Dakota and E. Canada.

Figure 3-2 A scatterplot with trend lines showing the relationship betvesesiig
distance Esi/1-Fs) and linear geographic distance (km) for both mtDNA (left axis;

black diamonds, solid line) and microsatellite data (right axis; open squares] tliashe

Figure 3-3 A median joining network visualizing the relationship among haptoiype
hairy woodpeckers. The size of each pie chart is proportional to the relatjueticy of
each haplotype and the colors within each pie chart represent differentrgampli
locations. Branch length is proportional to the number of base pair differenceg amon
haplotypes. Black: W. Montana, dark gray: Oregon, light gray: N.W. Montana, white:

E. Canada, striped: S. Dakota

Figure 3-4. A mismatch distribution showing the number of expected base pair

differences under a historic model of constant population size (short dashed line),

changing population size (long dashed line) and observed pattern (solid line).
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Figure 3-1
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Chapter 4 - Temporal changes in fine-scale genetstructure of

fire-specialized species reveals source dynamics

4.1 Abstract

Frequent colonization of habitat patches can increase or decrease the amount of
divergence among occupied patches depending on the source of the propagules. Highly
ephemeral habitats, such as burned forest, provide a situation where both thergburce a
destination of colonists vary in space and time. In this study, | documented tie@tffe
frequent colonization of highly ephemeral habitats on the fine-scale ganetitite of a

fire specialist, the black-backed woodpeck&icéides arcticuy compared to a more
generalist species, the hairy woodpeckenfllosug. Despite high levels of habitat

patch turnover, | detected a strong signal of fine-scale genetic s¢ruttooth species.

The black-backed woodpecker displayed positive spatial genetic structulager

spatial scale (90 km) than the hairy woodpecker (45 km), which was likely dsente

to disperse farther distances to search for suitable habitat patchet®d ifée differences

in spatial structure between sexes in both species and detected a patterentaviflist
male-biased dispersal in the black-backed woodpecker and female-bigmadalis the

hairy woodpecker. Finally, | detected a temporal increase (over a tlaegnye span) in
genetic correlation among black-backed woodpeckers, but not among hairy wooslpecker
within habitat patches. This pattern provides support for the hypothesis that juvenile
black-backed woodpeckers may delay dispersal to exploit habitat patchesheided
optimal, but hairy woodpeckers likely disperse from the natal territory. Buonest$

have long been thought to be source habitat for highly specialized woodpeckers, such as
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the black-backed woodpecker. My work used patterns of temporal stability incgeneti
structure to provide insight into the source dynamics of burned forests and it provides the

first estimates on the spatial scale at which burned forests can providatsigr
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4.2 Introduction

The genetic population structure of organisms is driven by both habitat quality and
dispersal (Hanski and Gaggiotti 2004). Habitat quality has a strong infloartbe
demographic (survival and reproductive) success of a species, and disp&zsas pat
determine the connectivity among habitat patches. Highly ephehadights add a layer
of complexity that leads to unclear predictions regarding the population structure of
disturbance-dependent species because the spatial context of habitatqgfatahgeg
quality is constantly changing.

Wildfire has historically been the dominant force responsible for shaping
numerous landscapes in both the western and boreal forests of North America.
Consequently, many species are adapted to and some are even dependent on living in
burned forests. The role of fire in creating highly suitable habitat has beemeiaed
for numerous avian species, such as certain woodpeckers, flycatchers, and ground-
foraging birds in western North America (Hutto 1995, Brawn et al. 2001, Saab and
Powell 2005). Despite this recognition, we continue to have a poor understanding of the
spatial and population dynamics of fire-associated species and almost no fiiciowna
movement patterns of species in this habitat. A common assumption is that species
associated with early successional habitats, such as burned forests, have gosal dispe
capabilities because they must be readily able to colonize newly creatidsh@riotons
et al. 2005). However, a recent empirical study revealed that severatpg@es relied
on short distance dispersal to colonize early postfire habitat (Brotons et al. 2005)
goal was to evaluate the dispersal patterns and the resulting fine-scabgipapul

structure of species that commonly colonize these highly ephemeral habitats
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In North America, the black-backed woodpeckeicéides arcticusis perhaps
the most commonly cited example of a fire specialist (Dixon and Saab 2000, 8ral
2001, Hutto 2008, Nappi and Drapeau 2009). Black-backed woodpeckers live six to
eight years, yet they only occupy fire-disturbed areas for three to fare g#ter fire
(Murphy and Lehnhausen 1998, Dixon and Saab 2000, Saab et al. 2007, Vierling et al.
2008). Peak densities occur two to four years following a burn (Saab et al. 2007, Nappi
and Drapeau 2009), which corresponds to high wood-boring beetle (Coeloptera:
Buprestidae and Cerambycidae) densities, their primary prey (Otvos 9péjtfire
habitats (Murphy and Lehnhausen 1998). After four to five years, the ephemeral and
highly dynamic postfire habitat becomes less suitable due to a reduction in food
resources.

While black-backed woodpeckers have been documented in unburned areas such
as beetle-killed stands, nest success tends to be extremely high (80-100243 ithat
have burned at moderate to high severity (Saab et. al. 2007; Vierling et alagd08)
tends to be much lower in unburned areas (44-78%; Bonnot et al. 2008). This leads to
the assumption that unburned areas are not optimal habitat for black-backed woodpeckers
to nest. In fact, Hutto (1995) suggested that burned areas might be necessanyaio mai
black-backed woodpecker populations, with moderate to high severity burned areas
serving as source habitats and unburned areas acting as sink habitats. Concordantly,
Hoyt and Hannon (2002) proposed that the long-term persistence of black-backed
woodpecker populations may depend on the frequency of recently burned patches within
their dispersal range. More recently, Nappi and Drapeau (2009) used a combination of

empirical reproductive success data within burned areas and source-sin& todest if
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productivity is above mortality rates in burned areas. They concluded that burrstsl fore
may serve as a source one year after fire and that pre-fire foneltians (burned
mature versus burned young forests) had an important effect on this sourceisisk st

The majority of research looking at source-sink dynamics, especially s tsrd
based solely on reproductive success (Saab and Vierling 2001, Gentry and Vierling 2007,
Nappi and Drapeau 2009) measured through nest success and the number of young
fledged. Postfire habitats may act as source habitats by increasioductpre rates and
reducing mortality rates resulting in more individuals to contribute to imatgm and
emigration. However, details are lacking on mechanisms that may mc@asval in
high quality postfire habitats. In particular, juvenile survival may be ndérikegher if
juveniles delay dispersal and remain near their natal territory whileath@ahpatch has
plentiful resources. Delayed juvenile dispersal may increase survivabagipg
juveniles access to high quality food and nesting resources prior to incurricgstief
long-distance dispersal. While many studies have been able to estimatgccess of
black-backed woodpeckers in a variety of postfire habitat types (Saab et al. 2007,
Vierling et al. 2008, Nappi and Drapeau 2009), information on other vital rates remain
elusive due to the difficult nature of obtaining such estimates in the field.

For black-backed woodpeckers, the spatial scale of dispersal determinesehe s
at which source dynamics can contribute to population structure. Nappi and Drapeau
(2009) suggest that regions with high fire frequency can serve as aegmrces’ for
areas with lower fire frequency. Thus, estimating dispersal distaneatisl to
determining the scale at which regional sources can contribute to eongrad

immigration. Because black-backed woodpeckers are so highly spectaliestfire
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habitat (Hutto 2008), connectivity among ‘older’ habitat patches (~ 4 ydasaotl
‘young’ (~ 1 year-old) postfire patches may be necessary for population@ecsis
While Pierson et al. (in press) found a lack of genetic structure in black-backed
woodpeckers at a large spatial scale, a signature of fine-scalegtnatture produced
by limited dispersal distance may persist at a small spatial seader(ite et al. 2009).

Comparative studies between closely related species that differ énhaslibry
trait of interest provide an opportunity to make specific predictions regarditegrzat
observed in empirical data (Whiteley et al. 2004, McDonald et al. 1999). The hairy
woodpeckerPR. villosug exploits burned forests for their plentiful resources yet
reproduces in a large variety of habitats (Saab et al. 2005, Ripper et al. 2007). Both
black-backed and hairy woodpeckers are medium sized (60-809), residers Hyecie
maintain territories year-round. Very little information exists on digp@atterns of
juvenile or adult black-backed woodpeckers (Pasinelli 2006). Hoyt and Hannon (2002)
hypothesized black-backed woodpeckers likely move approximately 75 km to colonize
burned areas based on a field study examining occupancy of burned and unburned areas.
Banding data on over 800 hairy woodpeckers indicate that most birds (> 90%) disperse
less than 40 km (Jackson et al. 2002).

My goals in this study were to use molecular genetic data to asseseetsedie
genetic structure of black-backed and hairy woodpeckers, and to examinalé¢hat sc
which burned habitats may serve as source habitats. | also explore @h&ad/af how
burned habitats may act as population sources. Specifically, | set out to answer the
following questions: 1) given frequent colonization events, is there fine-scaliécgene

structure as a result of limited dispersal and 2) are there fariypgmwithin burned
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areas as a result of delayed juvenile dispersal? The comparison betweendhese t
species allows me to make clear predictions about what | expect if bldakdbac
woodpeckers are a fire-dependent species relying on postfire habitat@ssdtirst, |
predict that black-backed woodpeckers disperse farther than hairy woodpeckétiange
in fine-scale genetic structure at a larger scale. Second, a signaturgudups within
burned areas would occur for both species if burned habitat is acting as souatedoabit
to delayed juvenile dispersal. This would likely increase juvenile survival due tbex hig

habitat quality during the transition from juvenile to adult.

4.3 Methods

4.3.1 Field methods
| designed my study in a hierarchical manner to assess genetic staicturiiple
scales. | had two field locations in western Montana with three burned arkas50ikm
of each other to assess fine-scale structure within and among burne(Fayes1b).
These areas ranged in size from approximately 4,000 to 16,000 hectares. All areas
burned in 2003, and sampling occurred between 2004 and 2007. In addition, I collected
samples from both species of woodpeckers as part of a larger scale stuegan,Or
South Dakota, and Eastern Canada (Figure 1b). Additional black-backed woodpecker
samples were collected from Alberta, and Idaho. Only samples cdllgitten five
years after an area burned are included in these analyses.

A detailed description of sampling protocols has been described elsewhere
(Pierson et al. in press). Briefly, adult woodpeckers were captured at tisgt@dsiood

was collected from the brachial vein (for a few birds | collected f@althers as a
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sample), marked with a unique color-band combination and latitude and longitude

locations (collected as WGS 84 data in decimal degrees) was recorded.

4.3.2 Microsatellite Analyses

| analyzed samples from 264 black-backed woodpeckers and 119 hairy woodpeckers
(Table 1). For black-backed woodpeckers, | used the following nine micrdsdtadliin
my analyses:C111, C115 D118 (Vila et al. 2008)RCW4(added tail)RCW5 (Mullins
and Haig pers. comm.pIU3, DIU4, (Ellegren et al. 1999HrU2, (Ellegren 1992);

Lox4, (Piertney et al. 1998). For hairy woodpeckers, | used the following eight
microsatellite loci on my analyse€111 C115 D118 (Vila et al. 2008)RCW4(added
tail), RCW5 RCW17(added tail), (Mullins and Haig pers. comnD)U4, (Ellegren et al.
1999);HrU2, (Ellegren 1992). A full description of DNA extraction and genotyping
protocols and analyses can be found in Pierson et al. (in review). These loci ware highl
variable, conform to Hardy-Weinberg proportions, and are not in gametic diseqmilibr

(Table 1).

4.3.3 Global spatial autocorrelation analyses

| performed global spatial autocorrelation analyses to test within pajotrshs patterns
and rates, (Smouse and Peakall 1999, Double et al. 2005) in GenAlEx6 (Peakall and
Smouse 2006). Global autocorrelation analysis is a multivariate approach which ca
detect a spatial pattern generated by multiple loci simultaneously (8rand$eakall
1999). This approach calculates a genetic autocorrelation coeffigiéot & specified

set of distance classes from both a genetic and geographic distancécadigspatial
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structure is measured using both bootstrapping and permutation tests as described in
Peakall et al. (2003). Specifically, | used bootstrapping (999) to calculate 8&%ans
around the estimate ofand assumed significance when the error bar did not cross zero,
which is considered a conservative approach (Peakall and Smouse Ré@@utation

tests (999) calculate a 95% confidence envelope and significance is assumehkevhe
estimate of falls outside the confidence envelope around the null hypothesksOof
Permutation tests provide a robust estimate of significance when sangslas small
because they use the entire data set (Peakall and Smouse 2006).

The genetic correlation matrix contains pairwise individual to individual genetic
distances using the distance statistic of Smouse and Peakall (1999). Thelgeogra
distance matrix was calculated from spatial locations of the nest site thledird was
captured.

My first step was to conduct a global spatial autocorrelation that included all
samples across the study and divided the sample into bins of even sample sizes. This
allowed me to determine the largest spatial scale that genetic strizattoeorrelation
between genetic and geographic distance) among individuals could be detected. Nex
performed a global spatial autocorrelation analysis at the spatialtseahitial step
indicated was the maximum scale of autocorrelation, which was 225 km with 15-km
distance classes. The 15-km distance class was based on the maximum tthigtance
woodpeckers were captured within a particular wildfire.

To test for positive spatial autocorrelation due to limited dispersal, | used a one-
tailed test to determine if the estimated was significantly greater than the permuted

based on a significance level of 0.05. |tested for sex-biased dispersaisplyter

81



performing global spatial autocorrelation on males and females sepatataly 225-km

scale.

4.3.4 Local autocorrelation analyses
| used two different approaches to assess if a genetic correlation amordusld was
higher within burned areas as compared to among burned areas. | limited thessanalys
to burned areas in which | was able to collect samples from > 10 individuals over the
course of the study. First, | employed a two-dimensional local spatiabatgiation
(2D LSA) that calculates a local autocorrelatisiy for each focal point and a specified
subset oh neighboring points. | calculated a 2D LSA for the five nearest neighbors and
permutation tests were used to calculate significance. While multiple deonsaare
involved in this type of analyses, Bonferroni corrections are not necessansbd@am
only looking at a small, specific subset of points (Peakall and Smouse 2006), therefore
used a P = 0.05 to indicate significémvalues. | use&igmaPlot 1Xo create bubble
plots to visualize significart values.

To test if relatedness increased over time, as expected if juvenilesewai@ing
near the natal territory, | calculated the genetic correlation caeeftif) within each
burned area and used both random permutations (1000) and bootstrap (1000) methods to
calculate 95% confidence limits in order to assessvilis greater than expected. |
calculated within each area for the first, second and third years. The second and third
years include cumulative samples, that is, year two includes samples ftogehobne
and two. | was unable to conduct this temporal analysis for hairy woodpeckers due to

smaller sample sizes per year.
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4.4 Results

4.4.1 Global spatial autocorrelation
For black-backed woodpeckers, | detected significantly positive genetatatam ¢) at
less than 229 km (Figure 2a) when conducting global spatial autocorrelationaattss
spatial scale (3500 km). When examining smaller distance classes (15 kik)yddaed
woodpeckers displayed significantly positivgalues in distance classes up to 90 km
(Figure 3a; Table 2). Female black-backed woodpeckers had signifipasttiver-
values in distance classes up to 75 km, a similar pattern to the entire population (Figure
3c; Table 2). Male black-backed woodpeckers had significantly positigkies at the
smallest distance class (15 km; Figure 3b, Table 2), although results fromethailed
test were significant in the 60-km class as well (Table 2).

Hairy woodpeckers showed significantly positivealues at less than 51 km
(Figure 2b). In the smaller-scale analysis (15-km distance cJabs@y woodpeckers
had significantly positive-values up to 45 km (Figure 3d; Table 2). Several of the larger
distances classes (e.g. 90 km, 105 km, 120 km) also revealed sigmivedines, but
there is not a pattern in the data. These distance classes have smalseasplEemale
hairy woodpeckers have significantly positivealues in the first distance class (15 km;
Figure 3f; Table 2), whereas males have significantly pogitixaedues in the 15- and 45-
km distance classes and at larger distance classes with small saeg(Eigure 3e;

Table 2).

4.4.2 Local spatial autocorrelation analysis
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| performed 2D LSA on samples in eight burned areas for black-backed wkedpand
three burned areas for hairy woodpeckers. In general, black-backed woosd eckar
higher percentage of individuals within burned areas with significantly pobitkaues
based on a one-tailed test (Table 3). IFhealues tended to be larger and more
significant for black-backed woodpeckers than hairy woodpeckers (Tablea&k- Bl
backed woodpeckers had a higher percentage of clusters with stronger, méicastgni
genetic correlations (Table 3).

The results from my temporal local spatial autocorrelation revegbedtern of
increased relatedness over time for black-backed woodpeckers (Figurd@a-turned
areas (BM and OR) had genetic correlation valuethét were significant in the first
year the area was sampled (Figure 5a). Four burned areas (BM, OR, QBatlvC)
significant genetic correlations in the second and third year the areasavepled
(Figure 5bc). Estimates of genetic correlation increased in four of the €&R8%)
burned areas between year 1 and year 2. For hairy woodpeckers, | was abldatecal
only a genetic correlatiom)(for all years combined due to small sample sizes per year

and did not detect any pattern of genetic correlation within burned areas (dugure

4.5 Discussion

4.5.1 Fine-scale genetic structure

Black-backed woodpeckers showed a signal of positive genetic structwieeathe

spatial scale (90-120 km) of hairy woodpeckers (45 km), suggesting they may disperse
twice as far. This is not surprising given black-backed woodpeckers high degree of

specialization on burned areas. Hairy woodpeckers can disperse to manytyadsta
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within range of their natal territory (Jackson et al. 2002), whereas blackebacke
woodpeckers rarely colonize unburned patches (Hutto 2008). Therefore, one would
expect black-backed woodpeckers to disperse a larger distance from thletiemiabry

in an attempt to locate optimal habitat patches.

Across the range of black-backed woodpeckers, fire has been a part of the
landscape for thousands of years (Bergeron et al. 2006, Cyr et al. 2009), and many
species, including black-backed woodpeckers, have evolved life history ehnistas
important for persisting in postfire habitats (Hutto 2008). The black-backed woodpecker
is the most specialized bird in the conifer forests of the Rocky Mountains, wit@%¥er
of detections occurring in postfire habitat (Hutto 2008). In the Canadian boreal fores
black-backed woodpeckers are also highly specialized to early postfiratl{&loitvula
and Schmiegelow 2007). Although hairy woodpecker densities can be up to 15 times
greater in burned areas versus unburned areas (Smucker et al. 2005, Covert-Bratland
2006), they occupy and reproduce in unburned habitats (Kriesel and Stein 1999, Jackson
et al. 2002, Ripper et al. 2007). Although some evidence suggests that the hairy
woodpecker has lower reproductive success in unburned areas compared to burned areas
(Saab et al. 2005). Densities of both species peak two to five years aftea fias
burned (Saab et al. 2007, Vierling 2008, Nappi and Drapeau 2009), leading to frequent
colonization of newly created habitat patches across the landscape. Huotrzaloalba
(2006) found black-backed woodpeckers present in both recently colonized burned areas
and unburned forests, indicating all age classes are likely moving throughout the

landscape.
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Frequent colonization events combined with a high rate of population turnover in
source-sink systems usually leads to a lack of genetic structure among sulipopulat
(Gaggiotti 1996). Black-backed woodpeckers within the boreal forest adhere to this
pattern when measuring among population genetic structure at large spales
(Pierson et al. in press). Yet, | detected a strong signal of fineggadéic structure in
both black-backed and hairy woodpeckers despite the highly ephemeral habitas pat
they were occupying. Fine-scale genetic structure due to an individoatexl dispersal
distance can exist despite high gene flow across large spatial $eadesm{e 2009). My
study reiterates the importance of considering the appropriate spat&afa the
biological question of interest (Wiens 1989).

The hierarchical design of my study allowed me to detect the largest spatal
that genetic correlation among individuals was pmresent, and conduct a fieer sca
analysis to more precisely determine the distance classes at whithvepgsnetic
correlation dissipates. The scale, intensity of sampling, and distance clagbeed are
important to correctly interpret correlograms (Double et al. 2005). By sanijathg
woodpecker species in the same areas, | could readily compare the signataees of fi
scale structure. | also used a biologically relevant distance class bakedmaxtimum
distance apart birds occurred within a particular fire (15 km), (Double et al.,2@08h

allowed me to make biologically relevant inferences.

4.5.2 Dispersal distance

| would expect to see a significant positive genetic correlation among individoais w

dispersal is limited (Peakall and Smouse 2006). Peakall et al. (2003) found thalethe sca
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at which positive genetic correlation persists in bush rats generally matechedrdehic

data on dispersal distance. In birds, two studies have evaluated the usefulness of spa
autocorrelation techniques in assessing dispersal patterns by comparingagdmncadata

to correlograms based on individually based genetic data (Double et al. 20@be m

al. 2006). These studies found a high level of concurrence between data sets. Double e
al. (2005) concluded that to fully exploit the power of spatial autocorrelationyhighl
variable markers, appropriate sampling, and detailed ecological datassagh, &ex and
social status were needed. | was able to obtain all of these variathlsssiudly. |

sampled individuals both within and among fires at varying scales, used micitesatell
markers, and sampled only breeding adults that were easily sexed based on

morphological differences at the time of capture.

4.5.3 Sex-biased dispersal pattern
When sex-biased dispersal is present, fine-scale structure may be diectedes
dispersal in only one sex even though fine-scale structure is observed whexethars
pooled. When examined alone, only the sex with restricted dispersal will disygay f
scale structure and the dispersing sex will show a lack of fine-scale str(ictunple et
al. 2006). Black-backed woodpeckers had a clear signal of male-biased diapérsal
hairy woodpeckers had a weak, but present pattern of female-biased dispemsahdam
most bird species (Greenwood 1980).
In black-backed woodpeckers, when the sexes are combined, there was a positive
signal of genetic correlation up to 90-120 km. When females are examined alame, ther

was a positive genetic correlation up to 75 km. Males had a positive genedlatoam
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in the smallest distance class, which is the scale within fires. This sdikaly due to
delayed dispersal of juvenile males as opposed to differences in disperseedista
rates between sexes.

In contrast, female hairy woodpeckers had a genetic correlation at thestmall
spatial scale, and males have a positive genetic correlation in the 15- lamdd&ance
classes. Because | detected such a weak signal of sex-biased diseisgl

woodpeckers, more intensive research addressing this question needs to be conducted.

4.5.4 Kin groups/genetic clusters
| predicted that juveniles would delay dispersal to exploit habitat thathsrhigod and
nesting resources. Indeed, all eight burned areas assessed had &/ ralaeraumber
of genetic clusters of black-backed woodpeckers (Figure 4) with strong sofjigaisetic
correlation (Table 3). Hairy woodpeckers had few individuals with genetitedus
around them, which could be an artifact of incomplete sampling. | do not think this is the
case because the burned area with the largest number of samples (OR) lead a low
proportion of individuals with genetic clusters than any of the burned areas eddorine
black-backed woodpeckers.

Black-backed woodpeckers did show evidence of an increase in genetic
relatedness over time in 57% of the burned areas | sampled (Figure 5, 6). lWghde t
not an overwhelming majority of the sites, hairy woodpeckers did not show any signal of
genetic correlation within any of the burned areas (Figure 5d). The taimpor
accumulation of genetic relatedness in black-backed woodpeckers in a subsedtotly

sites provides initial support for the hypothesis that juveniles stay neanaitaiterritory
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while postfire habitat has plentiful resources. Additional anecdotal suppard@sch
black-backed woodpecker banded as a nestling that was documented breeding in the
same wildfire the following season (Saab and Dudley, unpublished data). Althoagh
unable to test for a temporal increase in genetic correlation in hairy woatpgethe
lack of a pattern in the pooled samples suggests there is a different dynamimgcc
within burned areas for hairy woodpeckers as compared to black-backed woodpeckers. |
appears juvenile dispersal may be delayed in black-backed woodpeckers whych likel
increases juvenile survival, further explaining how burned areas act as lsabitee.
Juvenile hairy woodpeckers may disperse from their natal territory primeeding
regardless of the habitat type in which they hatch. These results confirmpibiéance
of not assuming temporal stability in genetic structure (Nussey et al. 200fct, they
illustrate how changes in the patterns of genetic structure over disteogeriod can
answer questions regarding the demography of populations.

Fine-scale genetic structure can be the result of family groups tbaivizen
there is a high rate of natal philopatry or delayed juvenile dispersal. For exanaply
lekking species, such as the red grolisg¢pus lagopus scotitawhite-bearded
manakin Manacus manaciysand peacockRavo cristatuycluster in groups of related
individuals (Petrie et al. 1999, Piertney et al. 1999, Shorey et al. 2000). Sex-biased
dispersal can also lead to genetic clusters as a result of singlessgs clustered if one
sex tends to stay in or near the natal territory (Coltman 2003, Nussey 2005, Double et al.
2005, Lecomte et al. 2009). | wanted to test if family groups were present in buragd are
as a result of delayed juvenile dispersal. Additional benefits to delayed disperthe

lack of aggression directly towards kin from individuals in neighboring teggon
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predicted | would see genetic clusters within burned areas as evidented2hy LSA
analysis and an increase of genetic relatedmgdsréugh time if this were indeed the
case. Although this is a short time scale to assess changes in structsey, & .
(2005) found spatial genetic structure can change rapidly through tianeeaslt of

changes in population size and decreasing polygyny.

4.5.5 Conclusion
Early postfire habitat may provide source habitat for some woodpecker dpeciese
abundance is higher in burned areas versus unburned areas for species that occupy both
habitat types (Hutto 1995). Nappi and Drapeau (2009) found that burned forests provide
source habitat for black-backed woodpeckers in Quebec. Burned forest mag provid
source habitat for both woodpecker species | studied by providing emigrants due to hig
reproduction. | found black-backed woodpeckers likely disperse less than 100 km,
providing the first details on the spatial scale that these burned areastraayaaource.
My results confirm banding studies that show hairy woodpeckers only disperse ~40 km
(Jackson et al. 2002). Black-backed woodpeckers likely move longer distances because
they are more reliant on burned forest for habitat, whereas hairy woodpeakers ¢
reproduce in many habitat types (Ripper et al. 2007). It may be that unburned ferests a
a more detrimental sink to black-backed populations than hairy woodpecker populations,
forcing black-backed woodpeckers to search farther for burned forest (Ifaaseet al.
2005).

This research has provided insight into the dynamics of how burned forest may

function as source habitat through increased juvenile survival. The temporalernareas
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genetic clusters in 57% (four of seven) of burned areas sampled providésumpigart

for my hypothesis that juvenile black-backed woodpeckers are delaypeyshsand

may enjoy a higher rate of survival. Although burned patches may providéeakcel

short term resources for hairy woodpeckers, the same dynamics are nohgoeithin
burned forest for these two species. Demographic data in both burned and unburned
forests would confirm whether burned areas act as sources for both species. Yet
demographic data remains incredibly difficult to collect, especially in unbuanests.

Given the relative ease of collecting genetic data in comparison, the bestcappea

be to test for asymmetrical migration from sources to sinks usingigéseEhniques

(Manier and Arnolf 2005, Hanfling and Weetman 2006, Peery et al. 2008), if sampling is

possible in both source and sink habitats.

91



Table 4-1 The number of individuals included in global spatial autocorrelation emalys
and summary statistics of genetic diversity for each location. GL: éldational Park;
MSLA: Missoula, MT; OR: Silver Lake, Oregon; EC: Eastern Canada;B&ck

Hills, South Dakota; ID: central Idaho; AB: Jasper National Park, AbBkmae

number of females Nye: number of males P, total individuals; AR: allelic richness

based on 7 loci common to both species;dkpected heterozygosity

Species Location Nfemaie  Nmate Niota Fis AR He
Black-backed woodpecker GL 23 24 48 -0.05 5.00 0.57
MSLA 22 27 49 0.018 4.86 0.57
OR 12 17 29 0.054 4.97 0.57
EC 20 32 52 -0.014 5.26 0.59
SD 11 10 21 -0.107 3.22 0.48
ID 6 8 42 -0.065 4.97 0.57
AB 12 9 21 -0.029 5.45 0.61
Hairy woodpecker GL 12 13 25 0.074 6.89 0.76
MSLA 13 17 30 0.02 6.54 0.74
OR 16 17 33 0.037 6.39 0.76
EC 7 14 21 0.028 7.10 0.73
SD 5 5 10 0.087 6.57 0.71
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Table 4-2 Results from a one-tailed test for positive genetic autocorreldtwhi¢h is expected when there is limited dispersal for
black-backed (BBWO) and hairy woodpeckers (HAWO) including both sexes, thenlés amal females separately. The number of
pairwise comparisons (n) per distance class (km) and the probability thatesii is greater than expected based on 1000

permuations (P); significant values are indicated in bold

Distance
class (km) 15 30 45 60 75 90 105 120 135 150 165 0 18 195 210 225
BBWO
BOTH n 2976 526 599 617 121 69 24 321 31 8 157 190 597 583129
Prob r >
perm. r 0.001 0.001 0.001 0.013 0.001 0.038 0.180 0.001 390.70.105 0.004 0.908 0.599 0.899 0.608
BBWO
MALE n 960 152 177 71 39 225 67 846 168 195 260 89 46 79 9 6
Prob r >
perm. r 0.001 0.726 0.173 0.025 0550 0.996 0.769 0.852 900.30.910 0.985 0.870 0.405 0.242 0.956
BBWO
FEMALE n 492 134 147 57 49 125 65 417 105 161 166 52 20 70 0 3
Prob r >
perm. r 0.001 0.001 0.001 0.006 0.014 0.141 0.997 0.122 950.90.709 0.387 0.983 0.399 1.000 0.871
HAWO
BOTH n 726 156 161 229 52 4 10 11 53 22 141 128 184
Prob r >
perm. r 0.001 0.005 0.005 0.586 0.408 0.009 0.033 0.001 0.033 0.158 0.005 0.816 0.971
HAWO
MALE n 180 55 48 68 15 2 3 7 19 7 47 37 50
Prob r >
perm.r 0.001 0.249 0.004 0.745 0.474 0.268 0.269 0.034 0.038 0.033 0.029 0.786 0.876
HAWO
FEMALE n 161 21 34 47 11 1 9 5 25 27 42
Prob r >
perm. r 0.015 0.084 0.562 0.668 0.149 0.281 0.54983d 0.134 0.689 0.548
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Table 4-3 The number of individuals included (N) in 2D LSA for each location, the
percent of individuals that had significant genetic clusters surrounding theodiimg!
the range of significance values and local genetic autocorrelation vaueaR:

Alberta, BLM: Black Mountain fire in Missoula, MT, BM: Boles Meadow fire in
Missoula, MT, RB: Robert fire in Glacier National Park, MT, WC: Wedge Canyenrfi

Glacier National Park, MT, ID: central Idaho, OR: Oregon.

Location N N significant % significant  P-value range  Ir range

BBWO AB 21 3 14 0.005 - 0.011 0.20 - 0.24
BLM 21 5 24 0.003 - 0.026 0.17-0.25
BM 11 5 45 0.003 - 0.045 0.15-0.24
RB 24 1 4 0.018 0.18
wC 16 3 19 0.004 - 0.032 0.16 - 0.25
ID 10 1 10 0.041 0.14
OR 29 4 14 0.002 - 0.02 0.17 - 0.26
EC 49 5 10 0.003 - 0.041 0.14 - 0.27
HAWO BLM 13 3 23 0.01 - 0.03 0.14-0.24
WC 14 0 0 NA NA*
OR 33 3 9 0.01 - 0.04 0.14-0.15

I NA: not applicable because there were no significant clusters.

94



Figure 4-1 (a) A map of the United States and Canada showing the hierarchical
sampling design including (a) the location of the seven broad-scale studsites:
Glacier National Park; MSLA: Missoula, MT; OR: Silver Lake, Oregon; E@stern
Canada; SD: Black Hills, South Dakota; ID: central Idaho; AB: Jasper Nd#arig
Alberta and (b) the two study sites within western Montana that each haverdage a
that burned in 2003: Missoula — BLM: Black Mountain fire; BM: Boles Meadow fire;
FC: Fish Creek fire and Glacier National Park — WC: Wedge Canyoririe Robert

fire; TR: Trapper fire

Figure 4-2 Correlogram plots based on global spatial autocorrelation anabyskicted

at the broadest spatial scale using the even sample size per distanoptmassThe y-

axis is the genetic correlation coefficient &nd the x-axis is the distance class (km).

95% confidence intervals were calculated using bootstrapping (error bdrs) a
permutation tests (dashed lines). (a) black-backed woodpeckers (b) hairy woaslpecker

(bottom).

Figure 4-3. Correlogram plots based on global spatial autocorrelationenetysducted
with 15km distance classes up to 225 km The y-axis is the genetic correlatiocieateff
(r) and the x-axis is the distance class (km). 95% confidence intervals \celateal
using bootstrapping (error bars) and permutation tests (dashed lines)cka)dutaed
woodpeckers, (b) male black-backed woodpeckers, (c) female black-backed
woodpeckers, (d) hairy woodpeckers, (e) male hairy woodpeckers, and (f) female hai

woodpeckers.
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Figure 4-4 Bubble plots of the two-dimensional local spatial autocooeléD LSA)

based on the five nearest neighbors for (a) black-backed woodpeckers andy(b) hair
woodpeckers. Each bubble plot displays significant genetic clusters, based oneghe-tail
permutation tests, detected around individual woodpeckers within each burned area with
more than 10 individual woodpecker samples. The size of the circle represents the
strength of the genetic correlation detected using 2D LSA anatyGisnalex. Axis are
latitude and longitude locations of individuals. AB: Alberta; BLM: Black Mountaen f

in Missoula, MT; BM: Boles Meadow fire in Missoula, MT; RB: Robert fire in @&ac
National Park; MT, WC: Wedge Canyon fire in Glacier National Park; ®Tcentral

Idaho; OR: Oregon; EC: Eastern Canada

Figure 4-5 Temporal estimates of genetic correlation coeffggmvithin each burned

area with at least 10 individuals sampled (see Figure 4 for location deschipfltmes95

% confidence intervals are based on both bootstrapping (error bars surrounding
estimates) and permutations (error bars surrounding null expectation of Ogafadng

of sampling black-backed woodpeckers (b) year one and two pooled for black-backed
woodpeckers, (c) year one, two and three pooled for black-backed woodpeckers. (d) yea
one, two and three pooled together for hairy woodpeckers; samples sizes wereltoo smal

to do a temporal analysis.

Figure 4-6 A plot of temporal change in estimates of genetic correlatifficisogs ()

within each burned area with at least 10 black-backed woodpeckers sampledsee

4 for location descriptions).
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Figure 4-1
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Chapter 5 — Frequent colonization of ephemeral hakats

reduces spatial structure

5.1 Abstract

The genetic characteristics of classical metapopulations, wheretiextiand

colonization of subpopulations occur in static habitat patches, have been studied
extensively. However, genetic characteristics of a “habitat-tigtknetapopulation,
where a species tracks early successional habitat patches that aghtspace and

time, are virtually unknown. In this study, I used life history and dispersainaders
characteristic of a rare fire specialist and a common geneéstitnate patterns of
genetic structure in a habitat-tracking metapopulation. This led me taagintwb basic
models of dispersal: frequent colonization of new patches and stable migration among
static patches. In each model, | evaluated the effect genetic drift cairtpagene flow

by varying subpopulation size and dispersal distance. |then compare the simulation
results to empirical patterns of genetic structure of the black-backed woodpecke
(Picoides arcticuy a fire specialist, and the hairy woodpecker\illosug, a generalist,

to understand the mechanisms that create the observed patterns of gelcatie str
Using a simulation framework, | found the non-intuitive result that frequent colmmzat
generally results in greater genetic differentiation with lessadsatucture compared to

a stable model of dispersal. Simulation results also suggest that a combination of
frequent colonization of new habitat patches combined with an intermediate dispersa
distance can result in low genetic differentiation without spatial stesetiarge scales,
the pattern observed in a fire specialist, the black-backed woodpeckers.adlte bl

backed woodpecker shows no spatial structure across a vast spatial scale (3500 km)
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whereas the hairy woodpecker, a common generalist, has a strong patetatioh by

distance.
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5.2 Introduction

Metapopulation theory has been well developed over the last century (Hanski and
Gaggiotti 2004). Sewall Wright (1931, 1940) first recognized the influence thatl spat
structure may have on the evolution of populations, especially when local extinction and
recolonization is common. Andrewartha and Birch (1954) suggested that extinction of
local populations was in fact quite common, however this idea did not gain wide
acceptance until island biogeography theory gained popularity. The basandf is
biogeography is that a large, mainland source area supports a species aradl ibkascth
populations of different sizes and distances from the source are commonly abkomize
suffer extinction (MacArthur and Wilson 1963, 1967).

Levins (1969) developed the metapopulation concept we are familiar with today;
in the idealized form there are many patches equidistant and of the sathatsize
regularly go extinct and are recolonized. We do not often see examples of thegddea
concept in natural populations. More often, we see mainland-island metapopulations tha
are similar to island biogeography theory, where the islands commonly go extihate
recolonized by the mainland source. Alternatively, organisms exist in gadpioyations
that either have enough movement that extinction is rare or too little movermemg a
them to allow recolonization. But what about situations where the habitat patches
themselves are ephemeral and move? Snéll et al.(2003) called this type of
metapopulation a habitat-tracking or patch-tracking metapopulation and cuwently

have very little theoretical or empirical understanding of systems suhblsas t
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Disturbance-dependent species occupy early successional habitats artd may f
better into a habitat-tracking metapopulation framework (Snall et al.2003¢ wher
organisms track habitat through space and time (Thomas 1994, Harrison and Taylor
1997). The critical difference between a classical metapopulation and a-tralckang
metapopulation is how the processes of extinction and colonization occur. In a classical
metapopulation, subpopulation colonization and extinction is a stochastic process that
occurs in habitat patches that are constant in space and time. In a halbitag-trac
metapopulation, subpopulation extinction is a deterministic process where a haobltat pa
goes ‘extinct’ by aging through time. New habitat patches are adelay disturbance
and available for colonization. That is, the habitat patches are dynamic andreaght
space and time.

A great deal of theoretical work has been conducted on the effect of
metapopulation structure on patterns of genetic variation in space (Hamsétastings
1996). The genetic population structure of classical metapopulations is conmgoldygsa
been found to vary based on the effective population Bigeo{ each subpopulation, and
the amount and pattern of gene flaw) @mong the subpopulations (Slatkin 1977, Slatkin
1985, Wade and McCauley 1988, Whitlock and McCauley 1990, Whitlock 2001, Hanski
and Gaggiotti 2004). Extinction and recolonization can enhance or diminish the amount
of genetic differentiation among subpopulations depending on the rates of subpopulation
extinction, patch recolonization, migration among existing subpopulations, and
subpopulation size (Wade and McCauley 1988). In general, extinction and
recolonization promote genetic differentiation except under a narrow setlofjieal

scenarios (Wade and McCauley 1988). Fundamentally, the source of colonizing

111



individuals and the relationship between colonization and migration will determine
patterns of genetic differentiation among subpopulations (Wade and McCauley 1988).

Wildfire is the primary disturbance that shapes landscapes in the Canadan bore
forest and forests in the western United States. Wildfires vary in ibejrshape, and
severity, creating a mosaic of different-aged patches of foresef{@r2009). Primary
cavity-nesting birds are closely tied to early postfire habitat becédise plentiful snags
available for nest sites (Drapeau et al. 2002). Bark-foraging woodpeskeh as the
black-backed woodpeckéricoides arcticusand hairy woodpeckeP( villosug, are
found in particularly high density in early postfire habitat because of the high dehsity
wood-boring beetles found there during the first few years aftee &ierling et al.

2008). | used the simulation results to understand the mechanisms responsible for
creating the observed population structure of both woodpecker species (Piersan et al. i
prep, Chapter 3)

Black-backed and hairy woodpeckers are medium sized (60-809), residees spec
that maintain territories year round. The black-backed woodpecker is a lyatanalfire
specialist (Dixon and Saab 2000, Brawn et al. 2001, Hutto 2008, Nappi and Drapeau
2009) that colonizes burned forests within one year after fire and occupies burmes patc
for three to five years (Murphy and Lehnhausen 1998, Dixon and Saab 2000, Saab et al.
2007, Vierling et al. 2008). Black-backed woodpeckers live approximately eigrg,y
thus they likely colonize more than one fire during their lifespan (Dixon and Saab 2002).
The hairy woodpecker occupies a variety of habitat types, including burned and unburned
forests (Jackson et al. 2002, Warren et al. 2005, Ripper et al. 2007) thus over their

lifespan have a wider variety of nesting habitat available.
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In this study, | address how frequent aging and colonization of new habitat
patches affects genetic differentiation among habitat patches. Threatale
hypotheses are: 1) frequent colonization will result in high genetic diffeientiaithout
a spatial pattern due to frequent founder events, 2) frequent colonization witheaestric
dispersal distance will result in a spatial pattern of isolation by dist8héequent
colonization will result in low genetic differentiation across the speaigge;, an
essentially panmictic signature. To address my question, | simulatiéeitis ef
frequent colonization of newly created habitats compared to dispersal afabng s
habitats on large-scale genetic structure. | then compare empiricetestof genetic
population structure across the range of the black-backed woodpecker, a faibsspec

the hairy woodpecker, a generalist species.

5.2 Methods

5.2.1 Simulation
| built two basic simulation models, a frequent colonization model (FC) and a stable

migration model (S), in the R software environment (http://www.r-projegj.oil he

package Rmetasim (Strand 2002), an individual-based model that simulates demographic
and genetic parameters simultaneously, was embedded into the models. Rmetasim
individual-based model that allows the incorporation of different age structure and
demographic parameters within habitat patches and different migratisranatang

habitat patches (Figure 1). Individuals are the primary discrete objéca Wie history

stage, birth date, and multilocus genotype (Strand 2002). Within a patch, an individual
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survives within a demographic stage or transitions to a different demographic stage
followed by reproduction and movement.

Effective population sizd\) and gene flowr() are the two parameters that
affect genetic differentiation among subpopulations. | varied these pararteet
understand their effects under frequent colonization versus stable migrationosceha
tested two subpopulation sizes and five dispersal distances (Table 5-1) to ghantify
effects of short-, medium-, and long-distance dispersal among small and large
subpopulations. The scenarios are named based on the dispersal model (FC versus S),
subpopulation sizeN; = 50 versus 500) and dispersal distance (dd: 2, 4, 10, 15, 20 cells;
e.g., FC.500.dd2 is the frequent colonization model with a subpopulation size of 500 and
dispersal distance of two cells).

The basic landscape includes 450 habitat patches arranged in a 15 by 30 grid,
based on the shape and size of the boreal forest, the main range of the bladk-backe
woodpecker (1500 x 3000 km; each cell approximates 100 x 100 km). Subpopulations in
the landscape are initiated with 10 microsatellite loci with 10 allele®pas. Initial
conditions are maximal genetic diversity resulting in a panmictic sigmacross the
landscape at time step one. The demography within patches is a two-stage model
consisting of juveniles and adults with vital rates based on average reportedtggal
from other woodpeckers in the gerRisoides(Figure 1; Pasinelli et al. 2006): adult
survival (As = 0.64), juvenile survival and transition to adult stage=(0.64), and
fecundity (maternal contribution of offspring; F = 1.76). Adult and juvenile survieal ar
assumed to be the same, population growth is deterministic and exponential unitigcarry

capacity Ne) of the patch is reached. Each simulation was initialized with 100 juveniles
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and 50 adults per patch, run for 5000 time steps, allowing for a mutation rate of mutation
rate of 1 x 16 per site, and replicated a minimum of ten times. Given the small standard
errors around estimates and the length of time taken to run simulations, teatesplic

were deemed adequate.

5.2.2 Dispersal

For each occupied habitat patch, the model determines which patches are doailable
colonization within a given dispersal distance, which is the defined number of célés in t
grid in all four directions. Patches on the edge of the landscape send all of their
emigrants to internal patches. The probability of moving and surviving is defined by
dividing the total survival and movement probability for a particular lifees{gure 5-

1) by the number of patches available for colonization within dispersal disihtiee

occupied patch (Figure 5-2).

5.2.3 Frequent Colonization model

The frequent colonization model (FC) is designed to mimic the process of avildfir

creating habitat patches for black-backed woodpeckers. | used data stowilghre
occurrence in the boreal forest to parameterize this model. On average, api@gxima

15% of the boreal forest is burned in a five-year time period (Alberta Forestfunt

2004). 1 used a five-year time period because black-backed woodpeckers occupy burned
forests for approximately five years. The model is initialized with 68 &igéttches

occupied (~ 15% of 450 patches) and survival and reproduction occurring within patches

for four time steps. On the fifth time step, 68 new patches were randomly setected t
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‘burn’ and become available for colonization (based on ~ 15% of 450 patches). The
model determines which of these newly ‘burned’ habitat patches are withinsdispe
distance of occupied patches and divides the probability of an adult surviving and moving
(Aswm) to a new patch by the number of patches available for colonization (Figure 5-2a).
For example, when dispersal distance is two cells, the average number of patales °
available for colonization’ within dispersal distance is three, when disbssahce is

ten, the average number of patches ‘newly available for colonization’ witlgarded

distance is 28 (Table 5-1). In this model, each patch has a certain number of patches to
send emigrants andsg = 0.64/ the number of ‘burned’ patches within the allotted

dispersal distance (Figure 5-2a). Because all juveniles transition to iadhits

simulation model, all dispersal is by adults. Based on black-backed woodpeckers
occupying burned forests for three to five years, the next four time stepadave

dispersal, and survival and reproduction occur within patches based on the demographic
parameters mentioned above. This cycle is repeated for 5000 timesteps based on the
approximate time the boreal forest has been present (10,000 years; Hewitt 2000) and the

approximate generation time of black-backed woodpeckers (2 years).

5.2.4 Stable model

The stable model (S) is designed to mimic a species occupying stabé hatbita
specified dispersal distance similar to that of the hairy woodpecker. Daphog
parameters within patches are constant (Figures2;0064; A = 0.64) and dispersal is by
juveniles, as is typical of species with stable habitat. To standardize therrafmbe

patches that are colonized between the FC and S models, | calculated the ausragr
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of patches available for colonization within each dispersal distance in the&€ and
randomly selected that number of patches within the defined dispersal distadare&in t
model (Figure 5-2b). In this way, the only variable that was changed was#teh of

the patches, not the number of patches. Both survival and movement parameters were

held constant (Table 1) and the model was run for 5000 time steps.

5.2.5 Simulation Scenarios and Analysis

The relevant output from the simulation consists of individuals in subpopulations
occupying a cell in the landscape grid and their associated genotypésuldted

pairwise geographic distances (i.e., number of cells), glebglNei 1973) and pairwise
Euclidean distances among all patches. | performed Mantel tests basedtan afma
pairwiseGstand a pairwise matrix of distances among patches. Given the minimal
variation per run, | chose one replicate to visualize the relationship betwedic gade
geographic distance, (e.g., FC.50.dd2.001) and pl@¢etersus geographic distance. A
regression line was added using standard linear regression. All analyseeMamed

in R software environment (http://www.r-project.grg/

To test model performance, | simulated the extreme scenarios of no movement
and panmixia (dd30). At time step one under all scenarios, the models produced a
landscape without any genetic differentiation among patches. Under a ceatiaout
movement, the model resulted in a landscape without a signature of isolation byadista
because the subpopulations quickly attained maximal differenti&igr=(1.0). The
panmictic model was tested by setting dispersal distance to 30 and the reslultegra

pattern without any isolation by distance and no genetic differentiation ammhgpal
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began with a minimum dispersal distance of two cells. All individuals in the lgrelgta
the FC model went extinct within several time steps when dispersal wesllitmione
cell because patches were set to go extinct if newly created halatatsi@t within

dispersal distance in time step five.

5.2.6 Historical fire patterns

| used historic wildfire data from the Canadian boreal forest to deterfiinlefires

occur in a spatial and temporal context that is ecologically realistiosiguént

colonization by black-backed woodpeckers. | used data from 1980-2006 because GIS
layers documenting the area of wildfires (i.e., polygons) are avaflatileis time period
(Alberta Forest Protection 2004, Mike Flannigan, personal communication).ulatatt

the minimum distance from the center of each fire to the nearest edgerefalll then
calculated the median minimum distance between fires that occur withinyee&vepan.

| used a five-year span because this is the average time period a burned dmaghiexd

by black-backed and hairy woodpeckers (Saab et al. 2007).

5.3 Results

5.3.1 Simulation

My primary goal in this simulation was to determine how the frequent colamzati
habitat patches influenced the spatial genetic structure of a metapopulationembtogar
stable model of dispersal. Within this context, | examined the effect ofigenétby

varying subpopulation siz&l) and gene flowr() by varying dispersal distance.
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Overall, genetic differentiation among subpopulations (glGgl was larger in
the FC model than the S model and declined as dispersal distance increased in both
models (Figure 5-3). On average, the frequent colonization model with a small
population size and small dispersal distance (FC.50.dd2) had the largest amount of
genetic divergence among subpopulations (n@&a+ 0.15) and the stable model with a
large population size and large dispersal distance (S.500.dd20) had the smallest amount
of genetic divergence among subpopulations (né&a+ 0.001).

The FC model generally had a weaker pattern of isolation by distancééh@n t
model as evidenced by lower average Mantel’s r correlation coeff(Eigures 5-4, 5-
5). The exception was at short dispersal distances in the N500 series where S.500.dd2
and S.500.dd4 scenarios had smaller average correlation coefficients than FC.500.dd2

and FC.500.dd4 respectively (Figure 5-5).

5.3.2 Effect of dispersal distance

As dispersal distance increased, total genetic differentiation and thgaceraelation
between genetic and geographic distance decreased in both the FC and S model of
dispersal (Figure 5-3 — 5-5). Again, the exception to this pattern was the S.880rseri
which the average Mantelisncreased to a peak value (mean0.24) at intermediate

dispersal distance then decreased with increasing dispersal distguoce &5).

5.3.3 Effect ofNe

The effective population size of subpopulations had a large effect on estimatestaf ge

differentiation and spatial structure in both the FC and S models. Estimatesnof mea
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global Gstwere generally an order of magnitude larger when subpopulation si2é. was
50 compared tdl = 500 under both dispersal scenarios (Figure 5-3). In the FC model,
average estimates of the correlation between genetic and geographicedistan
markedly lower in the FC.50 series than the FC.500 series (Figure 5-6). Asnmadnt
above, the S.500 series resulted in a different pattern of average correldtiicreate
than the other simulation scenarios modeled. At the shortest dispersal disdd@ges (
the S.500 series had a smaller average correlation coefficient betweeo getet
geographic distance than the S.50 model. Once dispersal distance reachetsfour cel
(dd4), the S.50 model had smaller average correlation between genetic ang@lgeogra
distance than the S.500 series (Figure 5-7).

| examined spatial patterns in wildfire occurrence in the boreal fareskate
dispersal distances in the FC model to empirical patterns. Based on thstdirg ini the
boreal forest from 1980-2006, the minimum distance between the center of a fire to the
nearest edge of the closest fire in a five year time period rarmgad2f290 km apart
(Figure 5-8). The minimum distance among fires was less than 50 km for 36&o of

years examined.

5.4 Discussion

In this study, | focused on how genetic drift and gene flow interacted to shagiegen
structure under two models of dispersal. | used life history charactesstidar to those

of the black-backed woodpecker, a fire specialist (Hutto 2008), and the hairy
woodpecker, a generalist (Jackson et al. 2002, Ripper et al. 2007), to test how frequent

colonization of newly created habitat patches affected patterns of géifietientiation
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across space. In general, the frequent colonization model (FC) resulted ingeigéic
differentiation among subpopulations with less spatial structure than the istatié| (S).
These results provide a possible mechanism for the low genetic diffeentaserved

in black-backed woodpeckers across the boreal forest.

5.4.1 Simulation

To examine the influence of genetic drift, | modeled the population size of each patch as
Ne = 50 and\e = 500. Not surprisingly, population size had a major influence on the
outcome of both the FC and S model of dispersal; yet the resulting patterns were
substantially different between models. All scenarios with sidiad higher estimates

of genetic differentiation compared to the respective scenarios withNaroggardless

of the model (Figure 5-6, 5-7).

Perhaps the most striking result is the differential effect subpopulation size had on
patterns of spatial structure in the FC model compared to the S model. The FC$0 serie
displayed markedly weaker patterns of isolation by distance than the carg&@i500
series models. Genetic drift is likely the dominant force creating thexrpaf genetic
distances across space given the high gl@eain the FC.50 series (Figure 5-3) and the
large range of pairwis@st (Figure 5-9; Hutchison and Templeton 1999, Holder 2000).

The pattern of residuals in a regression plot of genetic versus geographmcealcsta

provide an indication of whether gene flow or genetic drift is the dominarg forc

restricting a pattern of isolation by distance from developing, with gethdfticausing a

large spread of residuals because subpopulations diverge from one another regardless of

their spatial context (Figure 5-10, Hutchison and Templeton 1999). If genetiwalsif
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the primary force restricting a pattern of isolation by distance fromaj@ng atN. = 50
compared tdNe = 500, then there should be considerably more spread in the residuals
around the regression line between genetic and geographic distance ateluespansal
distance. There is more variance in the estimat&gdcross space at small population
sizes (Figure 5-9). For example, in a FC.50.dd2 scenario, val@®s i@nged from 0.0-
0.6 compared to the same scenario but with a large effective population size
(FC.500.dd2), where values ranged from 0.0-0.035 (Figure 5-9).

Genetic drift apparently had a stronger influence in the FC model than the S
model (Figure 5-9), likely as a result of repeated founder events of new subjomsuat
opposed to migration among established subpopulations populations. Dispersal distance
also influenced the variance @&t across space, with larger dispersal distances resulting
in smaller variance in the residuals around the regression line (FigurerbtBig AC
model, the founder effect is likely reduced at larger dispersal distaecasde new
patches are colonized by emigrants from a larger number of subpopulations (i.e., the

migrant pool model of Wade and McCauley 1988).

The S model resulted in extremely different patterns for the two different
population sizes considered (Figure 5-7). The S.50 series followed the expetetad pat
of larger correlations between genetic and geographic distance at sispézsal
distances. In contrast, the S.500 series resulted in a smaller correlatesbetiveen
genetic and geographic distance at shorter dispersal distances, with [pealava
dispersal distance of 10 cells. A possible explanation for this pattern is the Si&60 se
did not reach equilibrium. Across the entire landscape of 450 subpopulations, the S

model has a larger landscadge(sum of subpopulation®e) than the FC model because
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all the habitat patches are occupied, whereas only ~ 68 of the habitat patcices pred
at once in the FC model. The S.500 series has a landsgap225,000, compared to
the S.50 series landscalgof 22,500 or the FC.500 series landsddpef 34,000, and
consequently will take longest to reach equilibrium across the landscapéiorsbia
distance will be maximal at equilibrium, developing at short distances wif&ihtkin
1993). Isolation by distance at short distances can be obscured by a lackiof genet
spatial structure at larger distances (Figure 5-10d, Hutchinson and Tem®&9). To
test if a lack of equilibrium created the weaker pattern of isolation gndistat short
dispersal distance, | ran S.500.dd2, S.500.dd10 and S.500.dd15 for 15,000 time steps,
with the prediction that the correlation between genetic and geographic distawride w
increase in the S.500.dd2 scenario. Correlation estimates did not shift with idcrease
time; after 5,000 timesteps S.500.dd2 mean Mantet'9.975, and after 15,000 time
steps the mean Mantefs= 0.0898. The other two scenarios had similar correlation
coefficients after 15,000 versus 5,000 timesteps, indicating a lack of equilibrnot is
the reason for the observed pattern.

Further exploration with the simulation environment is needed to determine what
is causing this unexpected pattern. The pivotal point is the intermediate dispersal
distance of 10 cells where the peak in correlation between geographic and genet
distance occurs (S.500.dd10 mean0.24,P = 0.001). The dispersal distance of ten
cells represents a situation where long-distance dispersal predonbutates all cells in
the landscape can be reached by individuals. A logical next step is to simulate
intermediate subpopulation size to determine at what subpopulation size the pattern

emerges and explore how variation in survival and transition values affect tihstemns
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of the pattern. These unexpected results demonstrate the value of using detatied ge
and demographic simulation models to evaluate how genetic drift and gene fl@agtinter

under different demographic scenarios.

5.4.2 Simulations explain empirical differences in structure among spees
In a previous study, | found black-backed woodpeckers show little genetic divergence
among sites sampled across their distribution (Figure 5-11) and no significzhdtoomn
between genetic and geographic distance (Figure 5-12). Sampling locatitinghét
boreal forest (Idaho to Quebec, Figure 5-11) have particularly low gelifé¢ientiation
among them (i.e., all pairwisgst < 0.02) despite spanning a large geographic area (~
3000 km; Pierson et al. in press). Hairy woodpeckers have a similar range of genetic
differentiation among sampling locations (i.e, all pairwise< 0.07;), yet show a strong
correlation between genetic and geographic distance (isolation by didtanoe; 5-12;
Chapter 3), which is expected when dispersal distance is less than the Indigstinae
between sampled populations, a distance that spans 3500 km. Hairy woodpeckers have
larger population sizes than black-backed woodpeckers and tend to disperse fairly short
distances ( ~ 40 km; Jackson et al. 2002, Chapter 4). The empirical genetic resiudts for
hairy woodpecker are generally in concordance with the results of the soim@atthe
stable dispersal series resulted in low genetic differentiation agrass with a strong
pattern of isolation by distance, regardless of effective population size.

Black-backed woodpeckers have low genetic differentiation among sampling
localities with a lack of isolation by distance across their rangeauBeadt is unlikely

black-backed woodpeckers regularly disperse this distance, | discuss thxepossi
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mechanisms that may have resulted in a lack of isolation by distance at sggh a lar
geographic scale.

My simulation modeled the frequent colonization of new habitats in a spatial and
temporal context that mimicked wildfire creating new habitat patchdddok-backed
woodpeckers across the boreal forest. Given the rarity of black-backed woodpeckers,
will focus on the FC.50 series because black-backed woodpeckers likely occur in low
numbers (e.g., 50 versus 500) within particular patches or wildfires. Although the mea
Mantel'sr suggests isolation by distance at short dispersal distances in the FC.50
scenario (Figure 5-4), these scenarios had at least one replicate withaificasig
correlation between genetic and geographic distance. Conversely, alltesplictne
S.50.dd2 and S.50.dd4 scenarios resulted in highly signifiean0(001) correlations
between genetic and geographic distance (Figure 5-4). Thus, frequent calarozati
ephemeral patches provides a mechanism for a lack of isolation by distamge at la
spatial scales. Given the same dispersal distance in a stable modelatiomiggolation
by distance develops at a large spatial scale.

The simulation results suggest an intermediate dispersal distance isdéquire
produce low genetic differentiation across large spatial scales. Thessloispersal
distance that results in low genetic differentiation in the FC model is fosr(del;
minimum globalGst= 0.042). If | extrapolate my simulation landscape to the boreal
forest, each cell equals 100 by 100 km based on the 1500 by 3000 km boreal forest area
sampled. Therefore, black-backed woodpeckers would need to regularly colonize new
patches up to 400 km to have low genetic differentiation that is not spatiallystadic

In a previous study, | found female black-backed woodpeckers regularly disp&g®
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km, and male black-backed woodpeckers disperse farther (Chapter 5-4). pragalis
distance of 400 km was required to explain the empirical results, male black-backed
woodpeckers must be as likely to disperse 400 km as 100 km. The spatial and temporal
context of historical fire patterns in the boreal forest support this hypotinesisthe

closest fires usually occurred less than 200 km apart. While this seems plcueidlv |

explore other possible explanations.

5.4.3 Theoretical expectations for isolation by distance

Hutchison and Templeton (1999) describe four cases of how isolation by distance
develops through time since colonization and how the relative influences of geifietic dr
and gene flow create patterns of genetic structure across space. Inlidassl

dispersal results in isolation by distance; .the pattern present inbhersiadel of
migration (S) and the hairy woodpecker (Figure 5-10a, Figure 5-12) In Cgsadl

flow dominates over genetic drift at given distances, which produces |gtlesof

points around the regression line of genetic versus geographic distance (Figie 53
Case lll, genetic drift dominates over gene flow, resulting in a widedpfgaoints

around the regression line (Figure 5-10c); a pattern observed in the frequentatiioniz
model when population size was small (FC.50). The pattern observed in black-backed
woodpeckers is similar to Case I, where there is little variation ieshmates of

genetic differentiation, especially among sites within the boreal foresall pairwise

Fst< 0.02). Case Il often results from historic colonization of patches from a

homogenous source population and is the pattern observed immediately after invasion. If
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gene flow remains strong relative to drift, then Case Il will persieghitat patches are
fragmented into small isolated populations, then Case Ill will develop.

If gene flow is restricted by limited dispersal distance, a pattesolation by
distance will develop in nearby habitat patches over time (CasedWre=5-10d) until
eventually a pattern of isolation by distance develops across the entire regioctebnne
by dispersal (Case lll). In Case IV, the spatial scale of samplmgreatly influence
whether isolation by distance is detected. If too large a scale is sampéttera that
exists at a small scale may not be detected. Both woodpecker species haeeshaakt
amount of time to develop isolation by distance across the region sampled. Under
restricted dispersal, isolation by distance should take longer to develop among hairy
woodpecker subpopulations because they have a ldgglean black-backed woodpecker
subpopulations. Given hairy woodpeckers have a strong signal of isolation by distance,
time since colonization is not likely the reason for the lack of isolation by déstanc
black-backed woodpeckers (e.g., Case IV). In a meta-analysis of @ahgitidies,

Crispo and Hendry (2005) found time since colonization was a weak factor in predicting
isolation by distance, and factors such as dispersal distance are muagerstorces in
determining the strength of isolation by distance that develops. Bradbury andrBentz
(2007) confirmed that dispersal distance was the main factor determiningumnax

isolation by distance.

Wade and McCauley (1988) found that the genetic structure of a metapopulation
is primarily a function of how patches are colonized. In the propagule pool model,
colonists come from a few sources and genetic differentiation tends to be higk. Int

migrant pool model, colonists come from many sources, which prevents genetic
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differentiation among patches. My simulation results can be explained in ieisabe
context. In the FC model, short dispersal distances function similar to the propagule
model, where there are few source subpopulations providing colonists (Table 5-1).
Models with longer dispersal distances function like the migrant pool model wheye ma
subpopulations contribute colonists.

Gaggiotti (1996) examined population structure in a simple source-sink
metapopulation model and found that when there is a high rate of population turnover,
genetic differentiation among populations is low because the sink populations are
composed primarily of migrants from the source population. He found that stochastic
migration resulted in higher genetic differences compared to determinigtetion
because drift had a larger effect on patches that sustained long periods withiigtsol
The frequent colonization model has a combination of high population turnover and
subpopulations that sustain periods without migration. Several studies suggest black-
backed woodpeckers may have source-sink population dynamics (Hutto 1995, Nappi and
Drapeau 2009, Chapter 4). A next step in exploring the dynamics of this system may be
to incorporate source-sink dynamics into the model where the sources areraphreme
nature. Currently, | have modeled the life of each ‘burned’ patch deternatistic
Additional insight may be gained by incorporating variation into a ‘burned’ patch
lifespan to test the effects on the spatial structure of genetic diffeir@mtid/ariation in
vital rates also will likely affect the simulation results. Specifyjcdhe effect of the

assumption that juvenile and adult survival rates are equal needs furthégatias

5.4.4 Empirical evidence of isolation by distance
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Several species show a lack of isolation by distance at large spatsl stargeon and
Bernatchez (2001) found that lake cis€mfegonus artedlj a species that colonized
lakes relatively recently (< 12,000 years before present), had a strong patsaiation

by distance across their range (3500 km) that disappeared within watersheds (1500 km).
The lack of isolation by distance within watersheds was attributed to cdloniz@m a
homogenous source, with a lafgepreventing drift from erasing the historic signal.
However, they acknowledged that lake cisco had the potential for long-distangsalispe
Statistical power can also be an issue when using Mantel tests to testdtaton with
small sample sizes. Castric and Bernatchez (2004) did not detect isolatiistalmge in
brook trout Galvelinus fontinalisamong 15 subpopulations, but were able to detect
isolation by distance among 59 subpopulations.

Rock ptarmiganlagopus mutysn the Aleutian archipelago, an area similar to
the boreal forest in spatial and post-glacial scale (4000 km and ~ 11,000 years before
present; Holder 2000) show no isolation by distance. Genetic drift is apparently
responsible for this pattern as estimates of the number of migrants perigaraet
evenly spread among populations and range from 1 — 100 (Holder 2000). Similarly,
McDonald (1999) found a lack of isolation by distance in the Florida scrub jay
(Aphelocoma coerulesceras a result of genetic drift. Other studies of bird species that
found a lack of isolation by distance at large spatial scales combined withtimates
of genetic differentiation conclude that gene flow is the predominant forceigiregla
correlation between genetic and geographic differentiation (Clegg et al. 2003%tElirg

2006).
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The most similar comparison to my work examined three snake species that
shared a recent colonization history (~ 8,000 years before present) antifenaisyory
characteristics (King and Lawson 2001). Isolation by distance wag $totwo of the
three species browis{oreria dekayiand water snakedlérodia sipedo)) but absent for
the garter snakél'hamnophis sirtalis King and Lawson (2001) concluded the lack of
isolation by distance was likely most similar to Case Il described ablatehison and
Templeton 1999) where there was a common source population followed by high gene

flow.

5.4.5 Conclusions

The simulation suggested that frequent colonization of newly created baitat
intermediate dispersal distances (four cel#00 km) provide a mechanism for producing
a pattern of low genetic differentiation and no isolation by distance acrosspasist
scales, consistent with my empirical results on black-backed woodpeckack-backed
and hairy woodpeckers share many life history characteristics and cetamization of

the boreal forest. The most likely explanation for the lack of isolation byndesta
black-backed woodpeckers is colonization of the boreal forest post-glaciation by a
common source population followed by high gene flow. Dispersal across my entire study
area is unlikely given the large spatial scale (3500 km). Previous studies eoholuct
black-backed woodpeckers confirm that intermediate distance dispersaldoy ma
woodpeckers is a plausible scenario (Chapter 4). Finally, an analyses loistory in the

boreal forest shows that fires have historically occurred in a spatial apdredroontext
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conducive to frequent colonization by black-backed woodpeckers if they are able to
disperse at least 250 km.

This research exemplifies the need to consider dispersal behavior when
interpreting empirical patterns of genetic structure across spafeal scales. Detailed
simulations provide researchers with a tool to understand how different ecological
scenarios influence patterns of genetic structure, thereby allowimgpoi@ accurate

interpretations of empirical patterns.
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Table 5-1 Simulation scenarios and associated parameters in the simulatsmuent
colonization of new habitats (FC) compared to stable migration among h&BjtatBhe

basic simulation model consists of a 15 by 30 grid of habitat patches that can bedccupi
by subpopulations (maximum 450 subpopulatiom).effective population size within
subpopulations; dd: dispersal distance defined by number of cells in the landsgape gr
#subpop within dd: in the FC model, the mean number of patches available for
colonization within dispersal distance (see Figure 5-2), in the S model, the mfmber
subpopulations within dispersal distance was subsampled based on the average number
colonized in the FC model to standardize dispersal rates between models; lahdscape
product of the number of habitat patches occupied and subpopWNgtionean adult and
juvenile dispersal rates were calculated by dividing the probability of mavefBsy =

0.64; F = 1.76) by the number of subpopulations within dispersal distance.

Simulation N dd #subpop landscape mean adult mean juvenile
Scenario € within dd Ne dispersal rate  dispersal rate
FC.50.dd2 50 2 3.0 3,400 0.21 0.59
FC.50.dd4 50 4 7.6 3,400 0.08 0.23
FC.50.dd10 50 10 28.2 3,400 0.02 0.06
FC.50.dd15 50 15 48.8 3,400 0.01 0.04
FC.50.dd20 50 20 58.3 3,400 0.01 0.03
FC.500.dd2 500 2 3.0 34,000 0.21 0.59
FC.500.dd4 500 4 7.6 34,000 0.08 0.23
FC.500.dd10 500 10 28.2 34,000 0.02 0.06
FC.500.dd15 500 15 48.8 34,000 0.01 0.04
FC.500.dd20 500 20 58.3 34,000 0.01 0.03
S.50.dd2 50 2 3.0 22,500 0.00 0.59
S.50.dd4 50 4 8.0 22,500 0.00 0.22
S.50.dd10 50 10 28.0 22,500 0.00 0.06
S.50.dd15 50 15 49.0 22,500 0.00 0.04
S.50.dd20 50 20 58.0 22,500 0.00 0.03
S.500.dd2 500 2 3.0 225,000 0.00 0.59
S.500.dd4 500 4 8.0 225,000 0.00 0.22
S.500.dd10 500 10 28.0 225,000 0.00 0.06
S.500.dd15 500 15 49.0 225,000 0.00 0.04
S.500.dd20 500 20 58.0 225,000 0.00 0.03
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Figure 5-1 A schematic representing the within and among patch vitaVisueszed in

matrix form. In this example, there are three habitats and within patch dgxmicgites

are represented on the diagonal (e.g., juvenile transition to juvenjlezehile survival

and transition to adultaJmaternal contribution of offspring: F, and adult survivaj). A
Demographic rates can vary within patches and are found in the shaded cells on the
diagonal; the within patch rates for the FC model are in the center andhirepaitch
demographic rates for the S model are in the bottom right matrix. Movement
probabilities are above and below the diagonal and can be varied bidirectionally among
all sites (e.g., A— A, = adult movement from patch 1 to patch 2,-AA; = adult

movement from patch 2 to patch 1). In this example, the matrix is 6 x 6 becausedhere ar
two life stages and three patches. The combined movement and within patch
demographic matrix used in both the FC and S simulation models was 900 x 900 because

there was two life stages and 450 patches.

Figure 5-2 a) Schematic showing an example of a 5 x 6 grid landscape withta® habi
patches for the simulation mimicking frequent colonization of burned habitat patohes.
time step 0, patch 15 is occupied and survival and reproduction occurs for four times
steps (Ja = 0.64, As = 0.64, F = 1.76). In the fifth time step, five habitat patches (8, 10,
25, 28, 30) are randomly selected to ‘burn’ and become available as habitat. In this
example, dispersal distance is set to one cell, as indicated by the celldantloéd. In
time step 5, individuals from patch 15 disperse to patch 8 and patch 10 (Asm = 0.64/#
patches; Asm 15 to 8 = 0.32; Asm 15 to 10 = 0.32). In time steps 6 — 9, survival and

reproduction occurs within patches 8 and 10. In time step 10, five new patches are
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randomly selected and the model determines which patches are within disfstaseedi
and available for colonization. Habitat patch 10 has one ‘burned’ patch (9) within
dispersal distance therefore the Asm = 0.64; habitat patch 8 has two ‘burned [atches (
9) within dispersal distance, therefore Asm = 0.32 to each one respectably. imehis t
step, habitat patch 9 receives colonizers from two different patches.

b) Schematic example of a 5 x 6 grid landscape with 30 habitat patches for the
simulation mimicking a stable migration model of dispersal. In time ste@aha5 is
occupied. Intime step one, the model determines all cells within disperaakdigone

cell in this example). Based on the average number of cells available for abtomin

the frequent colonization model for each specified dispersal distance (se€l);dbe
appropriate number of patches are randomly selected for colonization by js\emde

cells in this example, patch 8 and 10). Demographic rates are held constant fom&000 ti

steps (d = 0.64, A= 0.64; F =1.76/ number of patches, or 0.88 in this example).

Figure 5-3 Average Glob&srof each landscape for the different simulation scenarios.
Global Gstwas calculated in the R software environment and the average of ten replicate
simulation runs was calculated. solid triangles: FC.50 series; opensdu@rg00

series; open diamonds: S.50 series; solid circles: S.500 series

Figure 5-4 The average Mantet'soefficient from ten simulation runs for a range of
dispersal distances for both the FC and S modeNat=e60 within occupied habitat
patches: solid triangles: FC.50 series; open diamonds: S.50 series; ex@amelstandard

error of the ten replicates
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Figure 5-5 The average Mantet'soefficient from ten simulation runs for a range of
dispersal distances for both the FC and S modeNat=2500 within occupied habitat
patches: open squares: FC.500 series; solid circles: S.500 series; rsreoetstandard

error of the ten replicates

Figure 5-6 The average Mantet'soefficient from ten simulation runs for a range of
dispersal distances for the FC model Bk & 50 compared tbl. = 500 within occupied
habitat patches. solid triangles: FC.50 series; open squares: FC.500esemidsars are

standard error of the ten replicates.

Figure 5-7 The average Mantet'soefficient from ten simulation runs for a range of
dispersal distances for the S model Bk & 50 compared tble = 500 within occupied
habitat patches. open diamonds: S.50 series; solid circles: S.500 series;reraoe ba

standard error of the ten replicates.

Figure 5-8 The median minimum distance from the center of fires that atouae/ear
to the nearest edge of a fire that occurred in the next five year perisuabrit#l fire data

was obtained from Alberta Forest Protection 2004 (http://www.srd.gov.ab.caiasldfi

Figure 5-9 Plots of pairwigBstversus geographic distance from a replicate of selected

simulation scenarios.
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Figure 5-10 Conceptual plots of isolation by distance adapted from Hutchison and
Templeton (1999). a) Case I: regional equilibrium between gene flow antitgkife
among populations with restricted dispersal; b) Case II: a lack of isolagtidistance
with gene flow as the dominant force, evidenced by the little variation ansoregig
distances; b) Case lll: a lack of isolation by distance with genettagrthe dominant
force, evidenced by high variation among genetic distances; c) Caswiquilibrium
isolation by distance where a correlation between genetic and geagilggthnce can be
seen at short distances (increasing slope) due to restricted dispersahetiawldyt

dominates at larger distances (slope of line = 0)

Figure 5-11 Sampling locations of black-backed and hairy woodpeckers tya@aage

of the black-backed woodpecker.

Figure 5-12 Patterns of isolation by distance for black-backed woodpeckess, a
specialist, compared to hairy woodpeckers, a generalist species tlutisdxmined areas
when available. Hairy woodpeckers have a classic pattern of isolation bycdistah
genetic differentiation, based &a+/1-Fsy, increasing with geographic distance. Black-
backed woodpeckers have much less increase genetic differentiation ovanéhe s
spatial scale. Isolation by distance was tested using Mantel tesksphtaed

woodpeckersr(= 0.028,P = 0.30); hairy woodpecker € 0.097,P = 0.05).
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Appendix A. The primers, number of alleles, length range, annealing temperature

and primer concentrations used in either multiplexed or single PCR reactiomer Pri

sequences can be found in the reference listed; ‘GTTTCTT’ was added to the 5’ end of

the reverse primer CW4andRCW17to promote the addition of adenine (Brownstein

et al. 1996).
Locus No. Length Annealing Primer Reference
Alleles Temp. concentration

Multiplex 1

RCW5 2 287-289 60-50 TD 2 um Haig and Mullins (personal
communication)

RCw17 9 258-280 60-50 TD 2 um Haig and Mullins (personal
communication)

DIU4 28 114-182 60-50 TD 2um Ellegren et al. 1999

Multiplex 2

HRU2 4 119-125 60-50 TD 0.75 um Primmer et al. 1996

Cl11 6 224-252 60-50 TD 0.75 um Vila et al. 2007

C115 12 271-295 60-50 TD 3 um Vila et al. 2007

D118 13 188-236 60-50 TD 1um Vila et al. 2007

Single PCR

RCW4 8 144-170 68-48 TD 2um Haig and Mullins (personal
communication)

DIU3 8 139-153 58 2 um Ellegren et al. 1999

DIU1 4 142-148 58 2 um Ellegren et al. 1999

LOX4 4 150-156 58 2 um Piertney et al. 1998
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Appendix B: To burn or not burn: what is the quesion?

B.1 Abstract

The ECOS Program is a partnership between the University of MontanassoDiof
Biological Sciences and College of Forestry and Conservation and Missoula County
Schools Curriculum Consortium. The goal of ECOS is to contribute to an adaptable
model of how locally based ecological research can be introduced to improve the
teaching and learning of science in K-12 environments. A primary objective@$EC

to develop science demonstration projects related to local ecology and cooservat
biology. As a demonstration project at a local high school, we conducted an
experimental prescribed burn in a field dominated by invasive weeds. Thd projec
focused on two primary ecological themes: disturbance and invasive organisms, both of
which are extremely relevant locally because residents often burntbeleduce

invasive weeds. This project successfully taught students about the scpentiiss and
about ecology as science by having them develop and participate in a fietdresnt.

We also designed and implemented other outdoor exercises throughout the schiool year
ensure the students fully participated in the experiment, including lessons omgampl
population biology and data collection. This demonstration project can be used as an

international model for teaching science through hands-on schoolyard ecology.
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B.2 Introduction

Conservation biology can be advanced through a greater understanding of locally
relevant environmental issues and how science plays a role in these issueesByg

in education of the general public, it is possible to make a large difference in
understanding critical conservation issues such as invasive species andditgdive
crises. To focus on the general public’s increased understanding of localgntele
issues, high school science classes are the perfect target for this tgpeasiomn. Many
high school students will never take a college level biology course, let alone gcology
even if they acquire an advanced degree. As a demonstration project at a local high
school, we conducted an experimental prescribed burn in a field dominated by invasive
weeds. Our goal was to teach: 1) process of science using hands-on learinghd); 2)
ecology as science; 3) locally relevant ecological issues: ligstoe and invasive weeds.

The ECOS program is a partnership between the University of Montana’s
Division of Biological Sciences and College of Forestry and Conservation asdWNés
County Schools Curriculum Consortium. The goal of ECOS is to contribute to an
adaptable model of how locally based ecological research can be introduced to improve
the teaching and learning of science in K-12 environments.

This type of approach is not possible without direct involvement of scientists both
in the classroom setting and in the development of an experiment. The benefit tstscient
is the ability to directly increase the general public’s understandingptdgical issues.

The benefit to teachers is learning how to implement experiments and thetahibty
the demonstration sites for various future teaching topics. A substantial simort ter

investment in the project must be made by both groups. However, long term investment
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from scientists will be minimal in comparison to the benefit from a conservattn a
education perspective. Here we describe a case study of this type of approach w
implemented with eight sophomore classes (200 students) at Big Sky High School in

Missoula, MT, USA.

B.2.1 Case Study

As a demonstration project at a local high school, we conducted an experimental
prescribed burn in a field dominated by invasive weeds. The project focused on two
primary ecological themes: disturbance and invasive organisms. Théseadlye
relevant issues because residents often burn fields to reduce invasive weeds.

To ensure the students were able to fully participate in the experiment, thastude
needed to have knowledge of experimental design, population biology and importance of
good scientific questions. Therefore we implemented outdoor experientiahtgarni
activities throughout the year that addressed these issues.

We taught the students the importance of sampling design using an inquiry we
developed, ‘'sampling safari’
(http://www.bioed.org/ecos/inquiries/Inquiries/sampling_safari.pdf). Ta @f this
activity was to demonstrate to students how to sample a small area and use theohumber
animals counted in the small area to estimate the number in the larger ardeenWe
introduced population biology with a semi-guided inquiry that teaches students how to
define a population in a real ecological situation
(http://www.bioed.org/ecos/inquiries/Inquiries/Population_activity.pdf). We cdaduc

the population activity in the field where the burn experiment was planned and used
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invasive species as the plant populations to define. As a final preparation for the
experiment, we taught students how to ask a good scientific question based on

observations using bird skins (web location).

B.3 Methods

The first step in our experiment was to introduce the idea of fire researdationr¢o
invasive weeds to the students. After interacting with the students throughgeathe
we knew they had exposure to both the idea of invasive weeds and prescribed fire. We
introduced the two topics in the classroom using examples of current research taking
place in the Missoula Valley. We then took the students to the field site to make
observations. The field site is a 15 acre field adjacent to the high school that is owned
and managed by the Montana Department of Natural Resources. We developed a
memorandum of understanding among Big Sky High School, the University of Montana
and Montana Department of Natural Resources to use the land for this experiment.
The students were divided into groups of three to work together for the spring
semester on this project. Each group was required to record five observations and
develop three good scientific questions based on these field observations. We compiled a
list of questions that were repeatedly suggested and then adjusted them to batdaswer
in the context of our experiment. Each class had approximately 24 students, so we
selected the following eight questions to answer so questions would not be replicated
within a class:

1) How will different levels of fuel augmentation followed by prescribed fire
affect insect composition and density?
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2) How will different levels of fuel augmentation followed by prescribed fire
affect biotic soil factors (bacteria)?

3) How will different levels of fuel augmentation followed by prescribed fire
affect abiotic soil factors (moisture, nutrients)?

4) How will different levels of fuel augmentation followed by prescribesl fir
affect cheatgrass and bunchgrass density?

5) How will different levels of fuel augmentation followed by prescribed fire
affect plant growth rates (biomass)?

6) How will different levels of fuel augmentation followed by prescribed fire
affect individual plant vigor and growth?

7) How will different levels of fuel augmentation followed by prescribed fire
affect plant species composition?

8) How will different levels of fuel augmentation followed by prescribed fire
affect moss density?
We conducted this exercise with eight different classes, so each question would be

answered up to eight times.

B.3.1 Experiment

We designed the experiment without direct input from the students because we did not
have enough time to teach about the principles of experimental design necassery f
students to actively participate in this process. We worked directly with Mick
Harrington, a fire scientist at the USFS Fire Science Laboratorysaddia, MT to

design this experiment. We used a Before-After Control-Impact (BAGIydevith

three replicate a 20 x 20 m plots of each treatment. Dr. Harrington recommendsd we t

two different types of fuel augmentation, as the fuel loading on our sites wasoguite |
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We tested the effect of dried leaves as a fuel augmentation compareditraeestraw.
We also had three replicate control plots, for a total of nine plots (Figure 1).

Students collected pretreatment data, witnessed the burn, collected pogrtteatm
data and then interpreted the results. The sampling design was based on timg sampli
safari exercise conducted earlier in the year and was familiar ttuttenss. The specific
methodology for each question was developed either by an ECOS fellow or with the
assistance of a local expert at the University of Montana. For examplelldierfg
protocol was provided to students for Question 1.:

Q1: How will different levels of fuel augmentation followed by prescribed fire

affect insect composition and density?

We will base our sampling design on sampling safari, except these plotsaae twi
as bigsothecellsare2x2m

Step 1: choose 10 random numbers between 1-100 using a random number
(stopwatch) generator, record these numbers on your data sheet and shade them in
on your gridmap.

Step 2: locate your first random cell in your grid

Step 3: locate a corner of the cell

Step 4: in this corner, bury a pitfall trap (solo cup) in the ground even with the
surface of the soil.

Step 5: pour 1 inch of soapy water into the cup

Step 6: on a ziploc bag, record group name, date, class period, teacher and grid

cell #.
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Step 7: place a small piece of paper inside ziploc bag with group name, date,

class period, teacher and grid cell #.

Step 8: repeat for each random cell in your grid

Step 9: return to traps the 3 days later and collect insects found in each trap in the

correctly marked ziploc bag.

Step 10: make sure your all the blanks are filled in on your data sheet and your

writing is neat, we will be sharing your data with other groups doing the same

guestion in other classes

In early spring, we set aside a day to collect pre-treatment data fogqeestion.

We wanted each group to have personal attention while collecting this data, so we
solicited volunteers from the University to come to the High School for a 90 minute
commitment and assist the students if following a detailed protocol (RyuiEhe
volunteers did not need to have any experience in the field of the question they were
addressing, but simply were present to assist the students in following protoemg. M
groups were required to revisit the site or take additional measuremenis tateeweek
to complete pre-treatment data collection on insects, bacteria, and sourmoist

We coordinated the prescribed burn with the Montana Department of Natural
Resources Fire Department. They graciously volunteered their equipment and
professional fire fighters to conduct the burn. In our local area, prescribed bigrning
dependent on various local conditions such as green up, rain, wind, and airshed quality.
Therefore, we planned six tentative dates with the fire crew and teaclecersitect the
burn. Immediately prior to the burn, we took samples of fuel moisture and placed

temperature sticks designed to melt at certain temperatures in themetsrimine how
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hot it burned. We placed two of each temperature (109, 113, 250, 500) randomly
throughout the plot. All 6 plots were burned on March 31,2005; the fire crew staggered
the burns so different classes could observe (Figure 3).

The students collected post-treatment data by following the same prot®cols a
before. Because the students had previous experience with the protocol, we did not enlist

the help of any volunteers.

B.4 Results

We obtained quantifiable results for five of the eight questions. Because of our time
constraints, data collection was not effective for questions regardinffebts f

prescribed fire on soil factors and plant growth. Overall, the number of insectsedre
(Table 1) and there was mixed results for cheatgrass, biomass, moss and nyoiaiogs of

(Figure 4).

B.5 Discussion

The prescribed fire was an excellent lesson in science as a process anof a way
learning as opposed to knowledge gained from a textbook. The students gained an
appreciation for the natural variation present in ecological studies (FiguWelused
this variation as an exercise for the students to refine questions and methodolotgr to bet
answer questions the next time an experiment is conducted. We used the questions in
which the data collection was unsuccessful as a lesson in how experiments often do not
work the first time. This is especially true in field biology, where sciesntifen spend

an entire field season learning what data is actually possible to collect.

161



B.5.1 Conclusions

Although this project required an extensive time commitment from both ecolagists a
teachers, all participants gained valuable skills and insights. Ecolegisted how to
communicate to students from expert teachers. Teachers gained insight intelthow fi
experiments are conducted. A collaboration was built among university, public agency
and the high school community. As a result of my time spent teaching at Bigg@ky H
School, | am invited to take students on annual field trip to burned forests to teach about
fire ecology.

One of the most encouraging lessons from this activity was how willing various
community members were to help education-related projects. We received dooiations
time and equipment from Montana Department of Natural Resources, scidrttist$ire
lab, soil scientists at UM, as well as numerous scientists volunteeringrieeiothelp
collect data. A field experiment does not need to be as large-scale as the one we
conducted to be effective. Most schools can find a small area outside to condukt a fiel
experiment. Most importantly, students need to actively participate in procegsstnot
observe. Student participation is more important than data quality as the goal of the
experiment was to teach science.

At the end of the academic year, we gave an anonymous survey to all students at
the end of the year asked what they learned. These are a few of the comonents f
students about the program:

e “|learned how to ask a question and break it down to learn how to answer it”

e “ECOS taught me more about the scientific process than any one thing”
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e ‘It gave me a better insight into ecology and how scientists draw their

conclusions”

e “That ecology is in our everyday life”

These comments provide the best evidence of the success of our program.
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Table B-1 The number of insects collected pre-treatment and post-tre&dnthet prescribed burn experiment. The class

abbreviations are as follows: KP1: Kathleen Kennedy's period 1; OP1: Davel@peneriod 1; Dave Oberbillig's period 2; P3:

period 3; P4: period 4; P8: period 8.

PRE-TREATMENT
class flies moths grasshoppers beetles caterpillar ~ants earwig spider wdree planthopper unknown total

KP1 O 0 1 0 0 0 0 1 0 0 0 0 2
OP1 O 0 0 0 0 0 0 1 0 0 0 6 7
opP2 4 0 0 5 1 3 0 1 0 0 1 2 17
P3 3 0 2 4 0 1 0 1 0 1 0 0 12
P4 2 0 5 5 0 0 0 2 0 0 0 0 14
P8 0 0 0 2 1 0 0 1 0 0 0 0 4

POST-TREATMENT

class flies moths grasshoppers beetles caterpillar ants earwig spider wdyee planthopper unknown total

KP1 O 2 17 0 4 0 0 1 0 0 0 0 24
OoP1 3 0 1 6 0 1 0 0 0 0 0 0 11
OoP2 15 0 0 2 1 91 0 2 0 0 30 0 141
P3 2 1 0 0 0 18 1 2 0 2 0 0 26
P4 5 5 1 1 1 2 2 0 0 0 0 0 17
P8 52 0 0 13 0 14 0 0 1 1 0 0 81
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Figure B-1 A schematic (left) of the experimental design from thepoesl burn
experiment. Two different fuel augmentation treatments were testedldiiem of
leaves and the addition of weed free straw, as well as control plots. The photohshows t

actual plots post-burn.

Figure B-2 University scientists assisting Big Sky High School stadmtlect soil

samples and estimating plant cover.

Figure B-3 Montana Department of Natural Resources firefighters cimglpecescribed

burn with Big Sky High School students observing in the background.

Figure B-4 Pre- and post-treatment results for the effects of firearea)grass, b)
number of plants, c¢) biomass, d) percent cover moss; solid black bars: pre-treatment,
diagonal lines: post-treatment. The class abbreviations are as follovis: K&fhleen
Kennedy's period 1; KP2: Kathleen Kennedy’s period 2; OP1: Dave Oberbilligsipe

1; Dave Oberbillig’s period 2; P3: period 3; P4: period 4; P5: period 5; P8: period 8.



Figure B-1
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Appendix C. ECOS Inquiry: Sampling Safari

1. CONTRIBUTOR’S NAME: Andrew Whiteley, Jennifer Woolf, and Frank Janes
2. NAME OF INQUIRY: Sampling Safari
3. GOALS AND OBJECTIVES:

a. Inquiry Questions: 1. How to biologists accurately count organisms?
2. How to estimate population size?

b. Ecological Theme(s): sampling design, population monitoring, population
increase/decline, field biology in practice

c. General Goal: The goal of this exercise is teach students that sadgsigg can
affect the accuracy of an estimate.

d. Specific Objectives:

Academic

1) determine the sampling effort required for species distributed
differently

across the landscape

2) learn about technical terms such as sample and distribution
3) understand concept of scaling

4) introduce concept of randomization in science

Procedural/technical

1) graphing skills — labeling axis, identifying points from own data

2) math — determine scaling factor and calculate population estimate
3) data recording

Social
1) work in a team to collect data
e. Grade Level: This exercise is aimed at sophomores — seniors in high schoolldéut

th
easily be scaled down to B Grade and up to lower level college courses

f. Duration/Time Required:

"IPrep time: outside the classroom includes acquiring animals and setting up the
sampling grid. The grid can be painted on with field paint, which will take ~ 2 hours or
made with string, ~3 hour

"lImplementing Exercise During Class: Introduction ~30min.

Activity ~1 hour

Review ~ 30min.

[JAssessment ~15 min

4. ECOLOGICAL AND SCIENCE CONTEXT:
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a. Background (for Teachers): Teachers: Estimating population size can be done in a
number of ways. Often, a full census is impractical due to lack of resources to count
every organism and the inability to detect all organisms even when trying to count a
majority of animals. Biologists design ways to sample a portion of the population to
estimate what they are really interested in: population size.

One way is to determine the density of animals in a small area and ex@dpatab

your area of interest. Important considerations in this include

1) Sampling design sampling designs can be very diverse. The simplest
sampling design is simple random sampling, which is where every item in the
sample has an equal probability of being included. When one wants to ensure
the population is well covered by the sampling effort, stratified sampling can
be implemented, where the sampling units are divided into non-overlapping
strata and random samples are drawn from within the strata. Systematic
sampling can be used when a population covers a well-defined area. The
advantage of systematic sampling is it is often easier and can be more
representative of a population, thereby giving a more precise estimate.

2) Species distribution the way individuals are spread out across a landscape.
For example, many species are found in clumps, such as herd animals like
deer and elk. Other species are spread across the landscape in a random
pattern, such as mountain lions or giraffes. Organisms are rarely uniformly
distributed across landscape, such as common weeds. An organism’s
distribution will affect how you best sample. Clumped species will take more
effort to sample effectively because you may count alot if you are irean ar
with a herd, or count none if you are not. Therefore you must count more
areas to assess the real number on the landscape.

3) Movement of organisms If organisms are able to move in and out of your
sampling units while you are counting them it may cause you to over or under
count them.

4) Density: If you are interested in the density of animals, it is important to define
the area you are interested in before sampling. For example, you may be
interested in the number of deer in western Montana or in Missoula County.
One would design a sampling effort differently for each case based on the
resources available.

5) Resources availablewhat is a realistic amount of effort that can be used in
total, including hours of effort, gas, etc.

6) Detectability: some animals are easy or harder to count because they are
hiding, etc.

7) Time frame: when estimating abundance or density, it is important that the
population is considered “closed”. A closed population does not have any
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births, deaths, immigration or emigration. So you have to be able to sample
your areas in a time frame that will follow these assumptions, such as one
week.

8) Random: the concept of randomness is important to reduce bias, if one picks
random samples through the use of a random number generator or a similar
method, one can reduce bias in their estimate

9) Accuracy vs. precision review The goal is to get an accurate sample, which
means it is as close to the true value as possible. A precise estimate ig one tha
has little variation, that is, if you conducted the same sampling procedure ten
times, you would get a similar result. However a precise result cabestill
very biased (or wrong).

b. Background (to present to Students): Students: Often, field ecologists sestauten
knowing the number of individuals present in a certain area. However, it is usually not
possible to count every individual
So we count animals in smaller areas and estimate the population size fram there

1) sample — define

2) introduce idea of counting smaller areas and scaling up

3) scaling — define

4) introduce species distributions, examples

5) accuracy — define

6) why important to know population size

7) why ecologists have to sample vs. census

8) how ecologists sample in similar ways to exercise (i.e. flights for ateg)l
5. MOTIVATION AND INCENTIVE FOR LEARNING:
The motivation for this lesson can be in the introduction when explaining to kids how we
actually count animals. Great example in areas where hunting is populkinig sédoout
ungulate counts and how that relates to hunting tags. In more urban areas, gnplsexa
are trends in migratory bird counts such as the Breeding bird survey. Lessah is hel
outdoors, so atmosphere is relaxed. Safari animals can lead into greaio$tibrges
African safari
6. VOCABULARY:

Simple random sample a sample that is drawn from a population in such a way that all
items are given the same chance of selection.
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Sample with replacement sampling in a manner that the same “unit” can be chosen
repeatedly

Sample without replacement sampling in a manner that the same “unit” can be chosen
only once and then is taken out of the possible choices.

Subsample individual unit of measurement that is obtained to form a sample. A sample
can consist of numerous subsamples

Species distribution the way individuals are spread out across a landscape. For
example, some species are found in clumps, some species are randomly found in the
landscape and some are uniformly distributed.

Accuracy: The measure of the correctness of data, as given by the difference bétsveen t
measured value and the true or standard value.

Precision: the quality of being reproducible

Effort: in this case, number of subsamples taken per estimate

7. SAFETY INFORMATION:

8. MATERIALS LIST (including any handouts or transparency masters):

50 animals for even distribution (zebra, giraffe)

50 animals for clumped distribution (elephant, hippo)

string or field paint to make a 10m x 10m grid

meter tape for measuring grid

pin flags helpful in marking out grid corners

clipboards or other tools for outdoor data collection

data sheets

bucket/hat

random numbers (squares of paper with numbers that correspond to grid cells; include
figure)

Cost of materials: ~$40 for animals (could reduce cost on less expensive griigidls)
paint ~ $5, pin flags ~$5

9. METHODS/PROCEDURE FOR STUDENTS:

The goal of this activity is to demonstrate to students how to sample a smalhdrase

the number of animals counted in the small area to estimate the number in tharkzage
This idea is expanded upon by using animals with two different distributions, clumped
and even (or random). We do this by designing a grid in the schoolyard and placing
animals in the grid according to their distribution (clumped/even). We usentiee sa
number of animals in each case to demonstrate the difference in accuracycaionpre

for each distribution at different levels of sampling effort. This activigorsducted

easily in any schoolyard area. Preparation for activity is setting up a 10 x 10 amdr
distributing animals in an even and clumped distribution. A short classroom introduction
that explains the background concepts to the students is helpful, see the attached handout
for what can be covered introduction. This activity works best for students in groups of 2
-3, one student recording the data and one/two student (s) collecting the data (counting
animals). This activity is designed to have students estimate populationtbizeev

different levels of effort five times each. The students repeat thea¢stiive times to see
how precise the estimate is. The students begin by choosing random samplemrsts fr
hat. It is easy to label your grid 1-10 rows and A — J columns and have 100 pieces of
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paper in a hat labeled 1A — 10J. Each group will fill out the random number sheet (see
attached) prior to collecting samples. If time is an issue, the teaamseage time by
supplying the random numbers, but if time permits it is an important lesson to gee wha
random means.

Then the students will go to the grid and count the number of animals in each subsampled
unit and fill this in on the datasheet. First, they will use five subsamples t@tsstim
population size. Next, they will use ten subsamples to estimate population size.
Population size is estimated by summing the animals counted in all the sulssanaple
using the scaling factor to calculate population size. The scaling factoe dashe

idea that the density of animals in the area of interest is stable. So you tlaa nismber

of animals you counted in a small area and scale it up to a larger area. Population
estimates are obtained from samples by assuming the density of individualsamible

is the same as in the entire landscape. That is:

NsampleAsamptNtotalAtotal
N = number of individuals
A = area

So, Nsampleis the number of animals you count in your samplsgr,mﬁ\eis the area covered
by your sample, tl})ltalis the population estimate anctloté\is the total area occupied by the

population of interest.

To estimate population size, you solve the equatiohforaENsampléAtotalAsamplie

For example, let's say you are trying to estimate the population sizegsfifra 10m x
2

10m area (100n). You take subsamples from 5 1x1m quadrats (squares) and find a total
of 10 frogs.
=10

sample_ )
= 100 m
2

=5m
sample

Therefore I}lotm: 10 (100/5) = 10 (20) = 200, our population estimate = 200

(AtotalAsampleis also referred to as tisealing factor, which in this case was 20.

This will be done for both levels of effort so students can compare both the accuracy and
precision of estimates for two levels of effort with two different spédisgribution.

The students will graph the results which will help with interpretation. The stuckmts
draw a line across the true population size (i.e. 50) and accuracy can be assessed b
looking at how close the estimate is to true population size. Precision can lsecd&ses
looking at how variable the 5 different estimates are (do the estimates boaunee alot

or are they pretty similar?)

A good class discussion can include the students coming to the board and drawing the
results on the board and comparing among groups.

A helpful task is to have students make predictions about which species distribution
would take more effort to accurately count. Predictions should be that evenly destribut
animals will take less effort to accurately estimate the population size.

tota

10. ASSESSMENT:
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The students are asked to graph their results and interpret the graphs. Thizds a g
exercise in transferring tabular data to a graphed format, understandsngurc®verall
graph interpretation. Additional questions are:

This activity includes questions for the kids to take home and answer

1) Briefly summarize your findings. Examine your graphs for the two speameparing

the two different sampling efforts. How are they different? Is there a jpoivtiich

increasing the sampling area (number of subsamples) seems to makéfkttce in
increasing accuracy. Does this point depend on the distribution of the species?dAdapte
from Ecobeaker)

2) Pick a species that you are interested in and describe how you think it is edtribut
on the landscape. Describe the amount of sampling effort you would use to
accurately estimate the population size.

Quiz/Test questions are a good follow up to this exercise to ensure the scabngsfact
understood, as well as what high vs. low levels of variation implicate.

11. EXTENSION IDEAS:

Good ways to extend this exercise are to include other sampling designs

Such as stratification or cluster sampling and to consider other specidsitimis such

as random. Other extensions could include an addition on species distributions and reality
of even vs. clumped vs. random.

For more advanced classes, a great extension would be having the studentshagresent t
graphed results in a presentation that expanded to include recommendations on sampling
designs for a local species that was detailed in how the results from sasgbéing

would inform the specific sampling design.

12. SCALABILITY

This lesson can be scaled down by simplifying the lesson to counting one type alf anim
not considering distribution. Focus on estimating numbers in a big area from argaal
This could be scaled up by incorporating more advanced topics in sampling aebkign a
having the students do more work with the scaling factor and design of own sampling
scheme.

13. REFERENCES: Manly BFJ. 1992. The design and analysis of research studies. New
York: Cambridge University Press.

14. LIST OF EXPERTS AND CONSULTANTS

15. EVALUATION/REFLECTION BY FELLOWS AND TEACHERS OF HOW IT
WENT:

Overall, sampling safari was a very successful exercise. The intimdacid conclusion
discussions are a very important part of this exercise. Students need to have a clea
picture of why they are outside counting animals in little squares to makes#rangful
exercise. This can be accomplished by a good introduction that has links to local
population monitoring efforts and how they are conducted. A good review of the scaling
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factor, amount of effort, and variation is helpful in clarifying the exeraswell.
Additional exercises involving the scaling factor and graph interpretatigroenbelpful
in really bringing the points home.
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Appendix D. ECOS Inquiry: Scratching Your Head Ower
ltchy Weeds: A Population Activity

1. CONTRIBUTOR’S NAME: Jennifer Woolf, Andrew Whiteley, and Frank Janes

2. NAME OF INQUIRY: Scratching Your Head Over Itchy Weeds: A Population
Activity

3. GOALS AND OBJECTIVES:
a. Inquiry Questions: What is a population of knapweed/cheatgrass? How can we
estimate population size of a plant population?
b. Ecological Theme(s): population ecology, species interactions, and sampling
c. General Goal: To provide a semi-guided inquiry that builds on a previous sampling
activity and has the students think how to define a population in a real ecological
situation.
d. Specific Objectives:
1) To teach students about how to define population boundaries
2) To communicate the reasons for monitoring population size over time
3) To build on sampling knowledge to determine the appropriate sampling
design to estimate population size based on population characteristics
4) To determine factors that affect population based on field observations.
e. Grade Level: This activity is currently geared toward high school, and is mos
appropriate for high school to lower division college students
f. Duration/Time Required:
1 Prep time: the only preparation involved is finding an appropriate area in your
schoolyard that has two different species with different charaatsristi
comparison. Species that have very different spatial patterns visually, such as
obvious clumps versus ubiquitous or rare, are the best ones to choose for a good
comparison. This can even be grass, which is often ubiquitous vs. dandelions,
which are often clumped.

Implementing Exercise During Class: a 15-minute introductory lecture is

followed by 45 minutes outside. This could easily be shortened to 30 minutes outside.

The students just need enough time to make observations necessary to answer the
guestions. It is helpful to talk with the students individually while they are making
observations and ask them leading questions to direct them towards understanding how
individuals in the population are interacting. For example, one of the main questions to
ask is: what are the population boundaries? If the students have grouped things into many
small populations in close proximity, then ask: if the individuals can reproduce with ea
other, are they in a separate population? For plants, this often requires thinking about how
the seeds disperse and how pollination is done. If

a bee pollinates a plant, then plants connected by bee pollination could be in the same
population. Also, thinking about resources the plants are using, such as soil moisture and
sunlight, are good areas to direct students to think about.
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Assessment: The students are asked 11 questions in this activity, the er&eStar
answered outside while doing the activity and the next 3 can be answered at the end of
class or as a take-home exercise.

4. ECOLOGICAL AND SCIENCE CONTEXT:
a. Background (for Teachers):
Background Information:
We began this exercise with a short introduction on the definition of a population. This
can be a difficult concept because many people mean different things whenyttie/ sa
word population. Therefore, it is helpful to begin by defining the term in a general
manner. We define a population as a group of organisms of the same species occupying a
particular space at a particular time, with the potential to breed with dsmth &Ve then
introduced students to concepts relating to interactions among individuals within a
population. Individuals may interact with each other directly through tertitorch
reproductive behaviors or indirectly through use of common resources or occupation of
common habitat. The area within which individuals are interacting often defines spat
boundaries of populations. Spatial boundaries can be easily defined or may be vague. An
example of a situation where it is easy to define boundaries is when you have island, or
an isolated patch of habitat. Large areas of continuous habitat or areay¢hae &
somewhat fragmented but well connected by corridors are much more diffidhits
case, biologists often assume arbitrary boundaries for investigations, whidiema
appropriate under many circumstances. An important parameter in population tsology i
population size (i.e. abundance) or density (# individuals/unit). Biologists are often
interested in how and why a population size may change over time. For instance, we are
interested in know if a population growing, shrinking or staying the same size. Ropulat
changes over time can be expressed in a way that incorporates gains and losses:

N(t+1) = N¢) + B(t) + I(t) — D) — E()

N(t+1): population size at timiegplus time step (month, season, year)

N(t): current population size

B(t): births

I(t): immigrants

D(t): deaths

E(t): emigrants
Birth, death, immigration and emigration are the four primary processes that affect
populations. Factors affecting populatiamsaffecting the four primary processes can be
classified as abiotic and biotic. Abiotic factors include the physical aar@dceristics of
an organism’s environment. For terrestrial organisms, these factors indudgpe,
water availability, temperature, and fire frequency. For aquatic @manthese factors
include: water salinity, pH, currents, light penetration, and dissolved oxygen. Biotic
factors include interactions among members of the same species (irifrelspe
interactions involving another species (interspecific). Examples of thesed include:
predation, competition, parasitism, and disease. Biotic factors can be flasfied as
direct (behavioral interactions such as excluding other individuals from food respurc
and indirect (depletion of common resources and occupation of common habitat). There
is almost always interaction between biotic and abiotic factors which iofteence
more than one primary process at once.
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Background (to present to students):
1) population definitions
2) spatial boundaries
3) interactions: direct and indirect
4) importance of population size: abundance vs. density, how biologists track
trends
5) factors influencing populations: abiotic vs. biotic (direct and indirect mvithi
these categories. Abiotic and biotic usually interacting with each other

5. MOTIVATION AND INCENTIVE FOR LEARNING: Students get to go owsiand
use field observations to synthesize and implement classroom knowledge

6. VOCABULARY:

Population: group of organisms of the same species occupying a particular space at a
particular

time, with the potential to breed with each other.

Spatial boundary: outer edge of population, often defined by a landscape characteristic
such as

a mountain range or river. Can be easily identified such as island boundaries, oy vaguel
identified by subtle changes in habitat type.

Abundance number

Density. number per unit area

Immigration : individuals entering population

Emigration: individuals leaving population

Interaction: mutual or reciprocal action or influence

Direct interaction: when individuals have direct contact through reproductive or
territorial

behaviors

Indirect interaction : when individuals affect each other indirectly often behaviorally,
such as

use of common resources

Abiotic: physical and characteristics of an organism’s environment

Biotic: interactions among members of the same species (intraspecific) aciioies
involving

another species (interspecific)

7. SAFETY INFORMATION: SAFETY CONCERNS ARE LIMITED TO ONES
INHERENT TO AREA VISITING FOR OUTDOOR PORTION OF ACTIVW (I.E.
HOLES IN GROUND, ETC)

8. MATERIALS LIST :

handouts, including local area map (see attached sample)

clipboards for outdoor questions. We recommend the following paper on Yellowstone
National Park to talk about interactions: Smith, D.W., Peterson, R.O. and Houston, D.B.
2003. Yellowstone after wolves. Bioscience 53(4): 330-340.
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9. METHODS/PROCEDURE FOR STUDENTS:

a. Pre-investigation work: teachers need to identify area in schoolyatthtao

species of plant with two different distribution; background lecture ~15minutes

b. Investigation work:
1) Students go to area of interest and use field observations to define the
population of interest.
2) Students draw the population boundaries of each species on supplied area
map
3) Students use field observations to determine biotic and abiotic factor
influencing both populations
4) Students describe the distribution of species and use this information to
determine a sampling scheme * (only relevant to classes with a background in
sampling)
5) Students present evidence through short answer questions and drawing?
6) See sample data sheets

10. ASSESSMENT: Students answer 11 questions, the first 8 are best answered in the
field and the final three are good classroom exercises or take-home exdtds

important to conduct a wrap-up of the exercise reviewing the main points. The second
section of the exercise is only relevant if there is a background in sampling

11. EXTENSION IDEAS: a great extension would be to take another class period and
have the students actually design and implement a sampling design to estEmate t
population size. If several groups estimate the population size in the santbemea
graph could be made of the variance with different methods

12. SCALABILITY: this exercise could be scaled down to upper middle school by
simplifying to just a population activity without talking about interactions acibifa
affecting populations. Scaled up by asking tougher questions about populations and
sampling design.

13. REFERENCES: Williams BK, Nichols JD, Conroy MJ. 2002. Analysis and
management of animal populations. San Diego, California: Academic Press. 817 p.

14. LIST OF EXPERTS AND CONSULTANTS:

15. EVALUATION/REFLECTION BY FELLOWS AND TEACHERS OF HOW IT

WENT:

This exercise went well overall, the questions could be re-phrased to be ezoré\at

could have spent more time developing the sampling schemes with the students out in the
field. It was good to get the students outside and deciding in a real situation hdingo de
population boundaries, however our map reflected the boundaries too well and could
have provided a more “open-ended” way for the students to decide boundaries. Requires
an interaction with each group while outside to encourage thinking in the rightatirec

so having 2-3 “teachers” in the field is helpful.
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Field Lab Scratching Your Head Over ltchy Weeds Fall 2004

Name:Period:

Date:

In this activity we are interested in assessing the population size of texedifplant
species, knapwee@éntaurea maculogand cheatgras8f{omus tectorumat the

DNRC field next to Big Sky. To do so, the first thing we need to do is determine what a
population is for each type of plant.

1) What is a population in general?

The rest of these questions you will answer while we are at the DNRC fi&kelaTlaok

at the field.

2) Describe a population of knapweed at DNRC. Is there one or more than one
population?

3) Describe a population of cheatgrass at DNRC. Is there one or more than one
population?

Usually we use a physical barrier like a river or a mountain divide to helpws dra
boundaries around a population. What boundaries could you use to help define
populations of knapweed and cheatgrass in the DNRC field? Draw these boundaries in
the box on the front of the next page, make sure you clearly label the boundaries.

4) How did you decide where the boundaries are?

5) What are three factors influencing populations of each species? Lab&hetac as

either biotic or abiotic.

6) Name two ways the cheatgrass and knapweed plants within your population
boundaries might be interacting with each other (keep in mind that now we are just
talking about biotic factors).

7) For each of the biotic factors you just listed, say whether it is a diregtion or an
indirect interaction and why.

We would like to estimate the population size of knapweed and cheatgrass so we can
determine if the population is changing over time. Remember from samplinigtisafa
plants and animals can be distributed across the landscape in different wayard o fig
out how to estimate the number of cheatgrass and knapweed plants, the first thing we
need to think about is the distribution of each species. Then we can think about how
much effort we need to use to get a good estimate of population size. Draw the
distribution of each species within the population boundaries in the box on the front of
the next sheet. Use different symbols for each species and draw how eachispecies
distributed.

8) What is the distribution of each species (clumped, random, or even)?

9) Based on their distribution, how would you sample each species (according to the kind
of sampling we used in sampling safari)? Be specific, in your answer talk aboybbhow
would take subsamples in an organized way for each species and how much effort you
would use for each species.

a. knapweed

b. cheatgrass

10) When deciding how much effort we need to accurately estimate population size, our
goal is to collect a certain number of subsamples and “scale up” to the correetipapul
size. Remember in sampling safari we tested if 5 vs. 10 subsamples were engetgh t

an accurate population estimate. The graphs on this page are similar to the ones you made
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during sampling safari. On these graphs, each point on the graph represents the
population estimate from 10 subsamples. If 10 subsamples is enough to accurately
estimate the actual number of animals, what would the graph look like?
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11) We know that we need to estimate population size accurately to be able to track
populations

over time. Give at least two reasons why we would want to track the population size of
knapweed and cheatgrass over time.

a

b

o

Pop. size

Pop. size

Pop. size
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